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Abstract
This work investigates the encapsulation of organic light-emitting diodes (OLEDs) and organic solar cells
(OSCs) in order to extend their lifetimes. Despite the unquestioned benefits of those devices, such as low
material consumption and flexibility, their short lifetime span in ambient atmosphere is a clear disadvan-
tage. For protection purposes, the devices are required to be encapsulated with permeation barriers. An
appropriate barrier must have a water vapor transmission rate (WVTR) below 10−4 g(H2O) ·m−2 ·d−1 –
less than a monolayer of water permeating through the barrier per day. To design such barriers, a highly
sensitive method for their evaluation is the primary requirement. Fundamental research and setup de-
velopment is thus performed in this work in order to improve the electrical calcium test to a sufficient
level of sensitivity, reliability, and measurement capacity. The electrical calcium test uses a thin film of
this ignoble metal and determines the amount of incoming water based on the decrease in its electrical
conductance. In order to obtain highly precise results, this work identifies the reaction product (calcium
hydroxide) and electrical resistivity of evaporated calcium films ((6.2± 0.1) · 10−6 Ω · cm). In contrast
to a common assumption for the evaluation of calcium tests, the films are found to corrode laterally in-
homogeneous. However, it is shown theoretically and experimentally that this inhomogeneity does not
distort the WVTR-measurement. Besides these fundamental investigations, calcium test design problems
– as well as their solutions – are shown, such as the damaging of an inorganic barrier film by an adjacent
calcium sensor. As a result, a powerful and reliable measurement setup has been created.
Subsequently, an investigation of a variety of barriers is presented, based on calcium tests, but also
on device encapsulation and electroplating into defects: Permeation through evaporated aluminum thin
films is found to occur mainly through macroscopic defects (radii > 0.4 µm) characterizable by optical
inspection. Barriers made via atomic layer deposition (ALD) show improved performance with increas-
ing layer thickness. Using ALD on foils provides excellent but, thus far, unreliable barriers. Permeation
through bare polymer foils as well as sputtered zinc tin oxide (ZTO) increases roughly linearly with
increasing humidity and the measured WVTRs are highly comparable to reference values. The POLO
barrier with a WVTR in the lower 10−4 g(H2O) ·m−2 ·d−1-regime reaches the sensitivity limit of the
current calcium test layout.
Finally, water is identified as the predominant cause for device degradation, reducing the active area.
For one type of both OLEDs and OSCs, the amount of water causing a 50 % loss in active area (T50-
water-uptake) is quantified via a comparative aging experiment involving calcium tests. For the case
of the OSC, this T50-water-uptake of (20±7)mg(H2O) ·m−2 is shown to be independent of climate
conditions. As a result, the previously unspecific request for an desired device lifetime can now be
translated into a specific requirement for the permeation barrier: a water vapor transmission rate.
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Kurzfassung
Diese Arbeit untersucht die Verkapselung organischer Leuchtdioden (OLEDs) und organischer Solar-
zellen (OSCs), um deren Lebensdauer zu verlängern. Trotz unbestrittener Vorteile wie geringem Mate-
rialaufwand und mechanischer Flexibilität stellt die kurze Lebensdauer dieser Bauteile an Luft einen
deutlichen Nachteil dar. Um sie zu schützen, müssen sie mit Permeationsbarrieren verkapselt wer-
den. Eine geeignete Barriere zeichnet sich durch eine Wasserpermeationsrate (WVTR) unterhalb von
10−4 g(H2O) ·m−2 ·d−1 aus – weniger als eine Monolage Wasser pro Tag. Folglich wird zur Entwick-
lung einer solchen Barriere zunächst eine äußerst empfindliche Methode zu ihrer Vermessung benötigt.
Um für den elektrischen Calcium-Test ein hinreichendes Maß an Messgenauigkeit, Zuverlässigkeit und
Probendurchsatz zu erzielen, werden in dieser Arbeit Grundlagenuntersuchungen sowie die Entwicklung
des Messaufbaus umfassend behandelt. Der elektrische Calcium-Test bestimmt die Menge eindringen-
den Wassers anhand der Leitfähigkeitsabnahme einer dünnen Schicht Calcium – eines unedlen Metalls.
Um eine hohe Genauigkeit zu erlangen, werden das Reaktionsprodukt (Calciumhydroxid) und der spezi-
fische Widerstand ((6,2± 0,1) · 10−6 Ω · cm) aufgedampfter Calcium-Filme bestimmt. Entgegen einer
für die Auswertung von Calcium-Tests üblichen Annahme wird für Calcium ein lateral inhomogenes Ko-
rrosionsverhalten festgestellt. Allerdings kann theoretisch und experimentell nachgewiesen werden, dass
hierdurch die WVTR-Messung nicht verfälscht wird. Neben diesen Grundlagenuntersuchungen werden
Design-Probleme des Calcium-Tests und deren Lösung vorgestellt, z. B. die Schädigung der anorgan-
ischen Barriere durch direkten Kontakt mit dem Calcium-Sensor. Im Ergebnis ist damit ein ebenso
leistungsstarker wie zuverlässiger Messaufbau entwickelt worden.
Im nächsten Schritt wird eine Vielzahl von Barrieren mithilfe von Calcium-Tests, aber auch Bauteil-
Verkapselung und galvanischer Abscheidung in Defekten, untersucht: Die Permeation durch aufge-
dampfte Aluminium-Dünnfilme geschieht demnach im Wesentlichen durch Makro-Defekte (Radien
> 0,4 µm), die einer optischen Charakterisierung zugänglich sind. Barrieren, die durch Atomlagenab-
scheidung (ALD) hergestellt werden, verbessern sich mit steigender Schichtdicke, wobei solche Schich-
ten auf Folien ausgezeichnete – aber bisher unzuverlässige – Permeationsbarrieren darstellen. Sowohl
für einfache Polymerfolien als auch für gesputterte Zink-Zinn-Oxid-Barrieren (ZTO) werden zum einen
gute Übereinstimmungen der gemessenen WVTR mit Vergleichswerten erzielt, zum anderen wächst in
beiden Fällen die WVTR grob linear mit der anliegenden Luftfeuchte. Die POLO-Barriere mit einer
WVTR im unteren 10−4 g(H2O) ·m−2 ·d−1-Bereich erreicht die Messgrenze des aktuellen Messaufbaus.
Schließlich wird Wasser, das die aktive Fläche reduziert, als die vorrangige Degradationsursache
identifiziert. Für je einen Typ OLEDs und OSCs wird mittels eines vergleichenden (gegenüber Calcium-
Tests) Alterungsexperiments die Wassermenge bestimmt, die die aktive Fläche um 50 % verringert (T50-
Wasser-Aufnahme). Für die OSC wird zudem gezeigt, dass die T50-Wasser-Aufnahme von (20±7)
mg(H2O) ·m−2 unabhängig von den Klimabedingungen ist. Folglich kann die zuvor unspezifische For-
derung nach einer angestrebten Lebensdauer nun in eine konkrete Anforderung an die Barriere übersetzt
werden: eine Wasserpermeationsrate.
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1 Introduction
This work deals with the encapsulation of organic devices such as organic light-emitting diodes (OLEDs),
for displays or lighting, and organic solar cells (OSCs), for harvesting solar energy. All organic devices
share some beneficial features: a low energy and material consumption (ca. 1 g ·m−2) for their produc-
tion, and the ease of processability on flexible substrates. Their low weight and flexibility makes them
perfect for mobile applications. These characteristics also provide benefits in terms of production and
transportation costs. In addition, OLED displays combine high contrast with brilliance and low energy
consumption, OLEDs used for lighting purposes create an optically pleasant kind of illumination from
a large area, and OSCs harvest solar energy at a minimum of invested energy and without containing
heavy metals.
Organic devices are mainly made of chemical elements which are found in natural abundance: carbon,
hydrogen, and oxygen. They are printed or evaporated as sub-µm-thick layers onto rigid or flexible sub-
strates, and their properties are tunable within a wide range using the proper choice of materials. Since
materials and processes represent no principal bottlenecks, the production of organic devices could be
massively upscaled to roll-to-roll production on polymer substrates which could be several meters in
width. Until the present time, only the production of small OLED displays – an application realizing the
highest price per area – holds a significant market share. Neither large OLED panels in normal homes
nor a significant energy contribution from organic solar cells have yet been realized. The reason for this
is that organic devices still cannot compete in terms of price, efficiency, and lifetime as compared to
alternative technologies such as fluorescent lamps or silicon solar cells. However, since organic elec-
tronics technology is still new and since there is continous progress in all of these three fields (price,
efficiency, and lifetime), organic electronics represent a promising technology. By investigating the en-
capsulation of organic devices, this work helps improving the lifetime of these devices and contributes
to the aforementioned progress.
Organic devices are sensitive to water vapor and oxygen. The main task of encapsulation is therefore
to keep these gases away from the device – especially water vapor, which is the most critical one [29, 72,
144, 169, 175]. While bulk glass is more or less impermeable to oxygen and water vapor [34, 117] and
typically used as a device encapsulation material in research, it is unfavorable for practical applications
due to its weight, stiffness, and brittleness. These drawbacks of glass are not shared by polymer foils.
However, polymer foils do not share the impermeability of glass: Typical water vapor transmission rates
(WVTRs) of 100 µm thick polymer foils are found in the range of 0.1–20 g(H2O) ·m−2 ·d−1 [64, 101]
– five to six orders of magnitude above the WVTRs required for the encapsulation of organic devices
[14]. Fluorinated polymers like Honeywell’s Aclar films represent the cutting edge of pure polymer
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permeation barriers. Nevertheless, even their WVTR remains in the 10−2 g(H2O) ·m−2 ·d−1-regime [76].
However, there are alternative approaches. Driven by the needs of the food and pharmaceutical industries
for a longer product shelf life, research on barrier coatings on polymer foils was conducted. Starting in
the early 1970s, thin aluminum films on polyester were commercially applied for packaging purposes. In
the 1980s, transparent barriers were under commercial development as well [19] and are now available
as mass products. However, organic devices place higher demands on a barrier than potato chips or
pills. Small defects present in every thin film limit the barrier performance of the coated foils [19,
101]. It is again the industry (to date especially for OLEDs) which pushes research on barrier films for
encapsulation purposes. New concepts arose such as the following: inorganic-organic-multilayers [14],
the production of nearly defect free films via atomic layer deposition (ALD) [18], the implantation of
getter-materials into the barrier [4], and the self-healing of inorganic films via embedded reactive species
[103]. While a barrier foil exhibiting a WVTR of 10−6 g(H2O) ·m−2 ·d−1 in ambient conditions is still a
challenge to create – even in a lab on a small scale – its production at acceptable costs for industry (ca.
10 $ ·m−2; [116, 117]) is not possible up to this point. Significant improvement in this regard requires
both creativity and further research.
While the lack of high-performance barriers is obvious, there is a hidden lack in the field of barrier
evaluation as well. Measurement devices with a sensitivity level below the 10−4 g(H2O) ·m−2 ·d−1-
regime entered the market only one or two years ago and still combine a high price with a measurement
capacity of only one or two samples at a time. In order to develop competitive permeation barriers in
the 10−6 g(H2O) ·m−2 ·d−1-regime, much experimental work including the (long-term) evaluation of
multiple samples is required. Since high-performance barriers are produced with mature technologies
such as atomic layer deposition (ALD) or sputtering, the bottleneck in barrier research is the barrier
evaluation rather than the barrier production.
The following section, Chapter 2, briefly introduces organic semiconductors and the working prin-
ciples of OSCs and OLEDs – briefly, because in terms of barrier technology, the complex physical
mechanisms in organic devices can be reduced to a simple insight: They work better without moisture.
However, details regarding moisture, as well as its permeation through materials, are essential for bar-
rier technology and, consequently, are also presented in the following chapter. Chapter 3 illustrates the
state of the art in terms of barrier technology and permeation measurement techniques. The experimen-
tal results of this work are presented and discussed in the four subsequent chapters: Chapter 5 presents
fundamental research on calcium corrosion. It lays the foundation for Chapter 6, which documents inves-
tigations on and the development of the electrical calcium corrosion test as a reliable WVTR-measurement
technique. This technique uses a thin calcium film as a water sensor and monitors the corrosion of this
film via the change in its electrical resistance. In Chapter 7, this and other barrier evaluation methods
are used to characterize various permeation barriers on foils and (as thin films) directly on the sensors.
For instance, these experiments investigate WVTRs at varying humidity levels and barrier thicknesses, as
well as the permeation through single defects of a thin film barrier. Chapter 8 builds the bridge to the
subject of organic devices: It illustrates the degradation of organic devices in a phenomenological way
and presents the quantities of water leading to a 50 %-loss in active area for both an OLED-stack and an
2
OSC-stack. Chapter 9 compiles the conclusions drawn from the previous chapters and identifies future
prospects for encapsulation technology. In summary, this work establishes a reliable method for barrier
evaluation, extensively investigates a variety of barriers, and quantifies device degradation in terms of
water exposure.
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This chapter provides fundamental knowledge about two fields: first, organic devices, which
include organic solar cells (OSCs) and organic light-emitting diodes (OLEDs); second, the
permeation of external gases (mostly water) through permeation barriers, i.e. simple poly-
mers as well as inorganic barrier layers. The field of organic devices is developed from sin-
gle carbon atoms over organic semiconductors and their properties to the working principle
and degradation of the final devices. The field of permeation is described by introducing the
topics of evaporation and water condensation, followed by a general description of perme-
ation, and finally about permeation through barriers.
2.1 Organic Semiconductors
2.1.1 Introduction
Indigo, sugar, oil, alcohol – an enormous group of materials is produced by living nature. Hence, these
materials are named organic materials. All of these materials have in common that they contain carbon.
In fact, there are only a few carbon-containing materials which are not classified as organic materials,
e.g. carbide, diamond, or C60. Some of those organic materials exhibit semiconducting properties, i.e.
their electrical conductivity is provided by electrons which become highly mobile when activated by
a defined energy (energy gap) of up to about 4 eV [176]. This means that at 0 K and without another
kind of excitation (e.g. light irradiation), all electrons are in the immobile ground state. At elevated
temperatures, the conductivity increases due to thermal excitation of the electrons. Interestingly, the
difference between semiconductors and electrical insulators is not due to their basic nature but simply
by the size of the energy gap their electrons must overcome and the mobility they reach thereafter. In
organic materials, the semiconducting property is caused by bonds between carbon atoms, even more
precisely: by their slightly overlapping pz-orbitals (pi-system). Thereby, the energy gap decreases with
the increasing number of carbon atoms with continuously overlapping pz-orbitals. However, organic
materials are rarely crystalline and the overlap between the orbitals of two molecules is small. Thus in
contrast to inorganic semiconductors, the energy levels of the molecules do not split up to whole bands,
and the electron mobility, which requires hopping of electrons from one molecule to the next, is low.
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Due to their low conductivity, organic semiconductors have to be deposited in very thin layers (or-
ders of magnitude being 1–500 nm) to keep the driving voltage of the organic devices in the range of
some volts. The deposition processes of these thin layers depends on the size of their molecules: Small
molecules are light enough to be thermally evaporated without being decomposed. Hence, they can be
structured via shadow masks and deposited in arbitrary stacks of materials. This work focuses on such
small molecules. On the contrary, polymers are larger molecules. Hence, the van-der-Waals interaction
between their single molecules is larger than for small molecules and they decompose below their evap-
oration temperature. Consequently, those polymers or their precursors are spin-coated or printed onto
surfaces from solutions, and the corresponding solvents are then removed via a curing process. While
printing is an excellent process for large-scale applications, the process is limited to a few layers, since
the solvent of further layers should not wash away the layers underneath. Interestingly, as the pi-systems
in polymers can be larger than in small molecules, their energy gap can be smaller. Hence, the absorption
or emission of low-energy infrared photons is easier with polymers than with small molecules.
2.1.2 From Carbon Atoms to Carbon Bonds
A single carbon atom has one 2s-orbital and three 2p-orbitals. When carbon atoms come together, the
s- and two p-orbitals can form three sp2-hybrid-orbitals which are arranged in a plane at an angle of
120° between them (note that one pz-orbital does not take part in this hybridization). The sp2-hybrid-
orbitals of two neighboring carbon atoms overlap strongly. According to the Pauli exclusion principle,
such an overlap of orbitals leads to two different electron wave functions: a bonding wave function
σ with the electron localized between the two carbon atoms, and an anti-bonding wave function σ*,
with the electron localized outside the atoms. Since they can still differ in their spin, both electrons
contributing to this σ -bond can and do occupy the lowest state – the bonding σ -wave-function. The
large orbital overlap leads to a high energy splitting between bonding and anti-bonding states, i.e. a large
energy gap. This highly localized bond defines the distance between the two carbon atoms. However, the
semiconducting property cannot stem from it because of the large energy gap between bonding- and anti-
bonding states. The semiconducting property originates from the residual pz-orbitals. The pz-orbitals are
oriented perpendicular to the plane of the sp2-hybrid-orbitals. Hence, the pz-orbitals of two neighboring
carbon atoms exhibit only a very slight overlap. A slight overlap causes only a slight energy splitting
between the bonding- (pi) and anti-bonding (pi*) electron wave functions. Consequently, the related
electrons are less localized between or outside the atoms than in the strong σ -bond. Such an overlap of
pz-orbitals is called conjugation.
2.1.3 From Carbon Bonds to Molecules (Conjugated pi-Electron Systems)
Molecules like benzene (see Fig. 2.1.1) can consist of many neighboring carbon atoms with stiff σ -
bonds which keep the atoms together. In addition, they form connected pi-bonds, also called conjugated
pi-electron system. The related pi-electrons are delocalized over all these carbon atoms. Hence, the
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energy levels of these electrons split up several times, resulting in one group of energy states above and
one group of energy states below the energy gap. (Note that due to the small number of electrons per
molecule – especially in small molecules – the term band, used in inorganic semiconductors for Bloch
waves which are extended over a whole crystal, is not applicable to these groups of energy states.) All
bonding pi-states are occupied by electrons; they represent the lower group of energy states. The highest
of those states – the highest occupied molecular orbital (HOMO) – is the lower limit of the energy gap.
The upper limit of the energy gap is the lowest unoccupied molecular orbital (LUMO), i.e. the lowest
of the anti-bonding pi*-states. The larger the connected system of pi-bonds is, e.g. the more benzene-
rings are brought together, the smaller the energy gap becomes. Consequently, modifying the chemical
structure changes the energy gap of these molecules; this modification can therefore be used to adjust
their emission- and absorption behavior.
a) b)
localized σ-bonds
delocalized π-bonds
6x pz
18x sp2
pz-orbital
sp2-orbital
Figure 2.1.1: (a) 3D-image of benzene: The six carbon-atoms are depicted with three sp2-hybrid- and one
pz-orbital each. One sp2-orbital always bonds to a hydrogen atom. The other two strongly overlapping
sp2-hybrid-orbitals form the localized σ -bonds. The slightly overlapping pz-orbitals form the delocalized
pi-bonds. (b) Single atom energy levels are split up in benzene because of orbital overlapping. The pz-orbitals
split up to form both a group of filled energy levels below and a group of empty energy levels above the energy
gap. The energy levels limiting the energy gap are called HOMO and LUMO. (Reproduced with permission
from [100].)
2.1.4 From Molecules to Solids
Inorganic semiconducting solids like silicon are made up of single atoms. By contrast, organic materials
which exhibit semiconducting properties possess an intermediate structural unit: the molecule. Strong
covalent bonds dominate within the molecule, but between molecules, weak van-der-Waals-bonds dom-
inate. The low interaction forces between the molecules have consequences for the solid. These are:
(i) Optical properties are defined by the molecules. Since conjugated pi-electron systems are limited to
one molecule, the ability of their electrons to screen charge carriers is low when compared to inorganic
semiconductors (εr = 1–6 for organic semiconductors and 12 for silicon). (ii) Melting and evapora-
tion/sublimation temperatures are low (for small molecules).
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2.1.5 Excitons
2.1.5.1 Exciton Binding Energy
Excitons are electron-hole pairs which join together (by Coulomb interaction) and move through the
material as a quasi-particle. In inorganic semiconductors, an exciton can be described like a hydrogen-
atom, since the latter also consists of two charges attracting each other. As for the hydrogen atom, the
binding energy is proportional to ε−2r . In organic semiconductors, the situation is more complicated
due to spatially limited pi-systems and very anisotropic electron distribution, but the binding energy
still increases strongly with decreasing εr. Since εr is low in organic semiconductors, excitons in these
materials exhibit a high binding energy of 0.1–2 eV [128], far above the thermal energy of 26 meV at
300 K. As a consequence, an independent charge separation of excitons is unlikely in these organic
semiconductors. This charge separation requires an interface between two materials where the transfer
of one of the charge carriers to the other material provides enough energy to split up the bond between
electron and hole. While charge separation by high built-in electric fields is possible as well, it is less
effective for usual field strengths in organic devices [128].
2.1.5.2 Exciton Diﬀusion
For diffusion through an organic semiconductor, excitons have to overcome the gaps between the mol-
ecules. In other words, they have to hop from one pi-system to another. Two mechanisms of exciton
diffusion can be found in organic semiconductors: the Förster transfer and the Dexter transfer. In a
Förster transfer, the exciton recombines, leading to the emission of a photon. This photon is absorbed
by a nearby molecule and creates a new exciton [47]. In a Dexter transfer, the exciton moves from
one molecule to a neighboring molecule because of overlapping pi-system-orbitals [35]. Contrary to the
Förster transfer, the Dexter transfer also enables the transfer of spin-forbidden excitons (triplets).
In summary, excitons cannot move freely within organic semiconducting solids, i.e. are strongly
localized to single molecules and can only leave them via the Förster- or Dexter transfer mechanism.
Hence, the length LD excitons can diffuse over until they recombine is very limited. Values for LD are,
for instance, 7.7 nm for C60 [127], ca. 38 nm for ZnPc (zinc-phthalocyanine, [85]), and 20 nm for Alq3
(tris (8-hydroxy-quinolinato)-aluminum, [163]). Thereby, the diffusion length is a function of the time
until recombination (lifetime), but also of the diffusion coefficient [163]:
LD =
√
D · τ0 . (2.1.1)
LD diffusion length
D diffusion coefficient
τ0 exciton lifetime
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2.1.6 Electrical Conduction
Conduction based on electron movement can be described by the following formulas, independently of
the detailed mechanism of electron movement:
~J = σ ·~F (macroscopic description), (2.1.2)
~J =−e ·ne · ~veD (microscopic description), (2.1.3)
~veD = µe ·~F (definition of µe). (2.1.4)
~J current density
σ conductivity
e elementary charge
ne electron density
µe electron mobility
~veD drift velocity of electrons
Thereby, the macroscopic conductivity refers to a density of electrons moving with the drift velocity on
the micro-scale. The mechanism of electron movement is hidden within the electron mobility µe; in
other words, the relation between applied field strength and drift velocity: In organic semiconductors,
charge carriers have to move from one molecule to the next. Since the pi-systems are not connected,
conduction is a consequence of an electron hopping between the pi-systems of neighboring molecules.
The energy levels of the single molecules are slightly shifted because of the surrounding molecules. For
instance, charges lead to the polarization of neighboring molecules and therefore to a local deformation
of the material and energy levels. While hopping to a lower energy level occurs independently, hopping
to a higher energy level requires thermal activation. Hence, the mobility in organic semiconductors is in-
creased with increasing temperature – hopping becomes more probable. On the contrary, the conduction
found in inorganic semiconductors takes place in bands extended over the whole solid; hopping is not re-
quired. Hence, the mobility in inorganic semiconductor materials decreases with increasing temperature
due to scattering at phonons. However in the case of intrinsic semiconductors (organic and inorganic),
an increase in charge carrier density is dominant and leads to a net increase in conductivity. For doped
semiconductors, many charge carriers are already in the conduction band/LUMO, allowing the aspect of
mobility to dominate over the charge carrier density.
In the very special case of high material purity, low temperature and high crystallinity, organic ma-
terials can exhibit band-like transport behavior with high mobilities of ca. 400 cm2 ·V−1 · s−1 [171].
However in the case of practical applications, conduction in organic semiconductors is based on hopping
instead of band transport [83]. Typical mobilities of organic materials are ca. 1 cm2 ·V−1 · s−1 or lower
[171]. This hopping mechanism is described by the Bässler model [5], written in the following form for
low field densities:
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µ(T ) = µ0 · exp
[
−
(
2 · σ˜
3 · kB ·T
)2]
. (2.1.5)
µ charge carrier mobility
µ0 mobility in crystalline material without hopping (T→ ∞)
σ˜ width of energy level shifts between molecules (Gaussian curve assumed)
kB Boltzmann constant
T temperature
2.1.7 Doping
As for inorganic semiconductors, the purposeful adding of impurities to organic semiconductors can
strongly enhance the charge carrier density and, consequently, the conductivity of the organic material.
The principle of doping in organic semiconductors is depicted in Figure 2.1.2. The process of doping
actually includes two steps which are described by the example of p-doping [130]: In the first step, an
electron from the matrix molecule hops to a neighboring dopant-molecule (acceptor), leaving a hole in
the matrix molecule. Because of Coulomb-attraction, the hole and the electron still attract each other. In
the second step, the hole moves away to other molecules via hopping, lowering Coulomb-attraction until
this hole can be treated as a free charge carrier. N-doping works analogously.
In order to realize thin films of doped organic semiconductors, one can simulataneously deposit the
matrix- and dopant molecules by co-evaporation. Much of this work has been conducted at the Institut
für Angewandte Photophysik (IAPP) during recent years [104, 129, 130, 170].
a) b) p-type doping n-type doping
LUMO
HOMO
dopant
LUMO
HOMO
dopant
Figure 2.1.2: Doping in organic semiconductor materials: a) p-type doping: LUMO of dopant close to
HOMO of matrix material→ dopant accepts electrons from the matrix; b) n-type doping: HOMO of dopant
close to LUMO of matrix material→ dopant donates electrons to the matrix. (adapted from [170])
The increased conductivity reached via doping allows for thicker layers without significant resistance.
This is important for optical applications like organic light-emitting diodes or organic solar cells. In both
of them, shifting layers in or out of the optical wave maximum or minimum can be used to increase
the device efficiency. Furthermore, thanks to high charge carrier densities via doping, strong energy
level bending at interfaces becomes possible. Thus, injection barriers between materials with different
HOMO/LUMO levels become thin enough to simply be tunneled by the charge carriers.
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2.2.1 Characterization of Solar Cells
All kinds of solar cells share some basic principles: Light enters a semiconducting material. Photons with
energies above the energy gap are absorbed and thereby generate electron-hole pairs (excitons). These
excitons split up – either instantaneously after their generation (such as in silicon) or after diffusion
through the semiconductor – into a free electron and a free hole, both of which are conducted to opposite
electrodes. The electrical potential difference between electrons and holes at these electrodes is used as
an electrical power source when the electrodes are connected over an external circuit. Photons with en-
ergies larger than the energy gap excite electrons. However, due to vibrational relaxation, those electrons
lose energy (thermal loss) until they reach the top of the energy gap. On the other hand, photons with en-
ergies below the energy gap cannot create excitons. For those photons, the semiconductor is transparent.
Hence, single solar cells cannot convert all of the light energy to electrical energy; they are limited to the
Shockley-Queisser-limit [156]. The problem can be reduced by using tandem cells, wherein a cell with
a large energy gap at the front efficiently extracts the energy from high-energy photons, and a cell with
a small energy gap behind the first cell efficiently extracts the energy from the transmitted low-energy
photons. In organic semiconductors (offering only a small number of states for valence-electrons to be
excited to), it is also possible for materials to absorb light from low-energy photons without absorbing
the high-energy photons. Consequently for organic semiconductors, the cell with the small energy gap
can even be on the side of light incidence (= front side).
Additionally, some terms used to characterize solar cells are applicable for all types of solar cells. The
characteristic curve ideally follows the Shockley equation, describing a diode, including an additional
photo current IPh caused by light absorption:
I = IS ·
(
exp
[
e ·V
n · kB ·T
]
−1
)
− IPh . (2.2.1)
I current through the solar cell
IS reverse saturation current
e elementary charge
V voltage between the electrodes
n ideality factor (1≤ n≤ 2)
kB Boltzmann constant
T temperature
IPh photo current
The ideal curve and its basic parameters are depicted in Figure 2.2.1. The solar cell can be driven at a
voltage U between U = 0 (current I = short circuit current ISC) and the open circuit voltage U =UOC (I
= 0). The optimal operation condition, i.e. where the absolute value of I ·U has its maximum, defines
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the maximum power point (MPP). The fill factor (FF) is the power at the maximum power point PMPP =
−IMPP ·UMPP divided by the absolute value of ISC ·UOC, i.e. the power in the ideal case of all free charge
carriers (ISC) being extracted at the maximum possible voltage UOC without any energy dissipation within
the device. The fill factor is a measurement of the solar cell design quality.
Voltage U
MPP
MPPP
OCU
SCI
MPPI
MPPU
Cu
rre
nt 
I
characteristic curve
0
0
Figure 2.2.1: A characteristic curve of an illuminated solar cell. The axes are crossed at the short circuit
current ISC and the open circuit voltage UOC, respectively. The Maximum Power Point (MPP) is defined by
the maximum power P =−I ·U reached for the given curve.
The most important parameter in the application sense is the power conversion efficiency η :
η =
PMPP
PL
. (2.2.2)
η power conversion efficiency
PMPP extracted power density at maximum power point
PL incoming light power density
For comparison purposes with other solar cells, η has to be measured at standard conditions. These
are: The solar cell is kept at 25 °C and is irradiated by an AM 1.5G spectrum. AM 1.5G is an ideal-
ized standard spectrum and models the sun-light after passing 1.5 times the thickness of the atmosphere.
This simulates an angular incidence with an integral power density of 100 mW · cm−2 between 280 and
4000 nm wavelength. Since only a few researchers have the pleasure of finding a precise AM 1.5G spec-
trum constant over time, and directly on the roof of their labs, recalculation with respect to other (artificial
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lamp) spectra is required. The external quantum efficiency EQE(λ ) allows for the calculation of a spec-
tral response SR(λ ) and for a mismatch factor (MM). The mismatch factor relates the results obtained
from a special solar cell under a special spectrum to the expected results under standard conditions.
EQE(λ ) =
h · c
e ·λ ·
I(λ )
A ·E(λ ) (2.2.3)
SR(λ ) =
e ·λ
h · c ·EQE(λ ) =
A ·E(λ )
I(λ )
(2.2.4)
MM =
∫ ∞
0 EAM1.5G(λ ) ·SRRef(λ ) ·dλ∫ ∞
0 Elamp(λ ) ·SRRef(λ ) ·dλ
·
∫ ∞
0 Elamp(λ ) ·SRsample(λ ) ·dλ∫ ∞
0 EAM1.5G(λ ) ·SRsample(λ ) ·dλ
(2.2.5)
λ wavelength
h Planck constant
c light speed
e elementary charge
I current through the solar cell
A area of the solar cell
E spectral light intensity
lamp lamp used for investigation
ref/sample reference/sample solar cell
AM 1.5G standard spectrum
While series resistances and trap states etc. modify the characteristic curve, the basic parameters used
for solar cell characterization can be extracted from all curves.
2.2.2 Working Principle and Evolution of Organic Solar Cells
The main difference between organic solar cells and inorganic ones is their high exciton binding energy
(see also the Würfel model [174]). Since charge separation is most efficient at donor-acceptor interfaces
[128], such interfaces are used in organic solar cells.
The basic working principle of an organic solar cell is depicted in Figure 2.2.2-a: Excitons are created
by photons of sufficient energy, split up at the donor-acceptor-interface, and release two free charge
carriers extracted via the electrodes. By introducing an additional layer which blocks the excitons, they
can be prevented from diffusing to and recombining at the adjacent electrode, where their energy would
be lost instead of recombining at the donor-acceptor-interface, which is intended.
The first organic solar cell was reported in 1958 [84], but had a low efficiency due to a high inter-
nal resistance. The work of Tang [161] was an important milestone for the research involving organic
solar cells. In his work, a power conversion efficiency of about 1 % was reached with two layers of
small-molecule organic material evaporated onto an indium-tin-oxide (ITO)-covered glass substrate and
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Figure 2.2.2: Energy levels within organic solar cells. a) A simple two-layer organic solar cell: A photon
creates an exciton (1) which splits into free charge carriers at the donator-acceptor interface (2). The free
charge carriers diffuse to the electrodes where their electrical energy can be used (3). Diffusion can also make
excitons reach the electrode instead of the interface, leading to energy dissipation due to recombination. b)
An organic solar cell designed as a pin-stack (p-doped, intrinsic, n-doped): The doped transport layers are
impermeable for excitons and one free charge carrier type, but permeable and well conductive for the other
charge carrier type. Hence, the thickness of p- and n-layers can be varied within a wide range, allowing the
two absorber layers to move to the interference maximum build up due to a reflective back contact.
finished with a silver-electrode. As Tang argued, the interface between those two organic materials (do-
nator and acceptor) is needed to split the excitons into free electrons and holes. However, the need for
an interface creates a problem. On the one hand, the absorption of light is only useful within the short
exciton diffusion length of 5 nm [128] on both sides of the interface. On the other hand, these roughly
10 nm of absorbing material are far too thin to absorb all of the light because the optical absorption length
of organic materials is in the order of 50–100 nm [128]. The solution to this problem was published in
1991 by Hiramoto et al. [75]. Instead of evaporating both interface forming materials subsequently (pla-
nar hetero-junction), they included a third layer in between, whereby both materials were co-evaporated
(bulk hetero-junction). The three-dimensional percolation network provides both, a distance to an inter-
face well within an exciton diffusion length, and a thick layer for light absorption. Hence, the control
of the micro-structure/morphology via the process conditions is very important in order to achieve high
efficiencies.
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A further design improvement came with the pin-concept (p-doped layer, intrinsic layer, n-doped
layer) [106] (see also Fig. 2.2.2-b): The two intrinsic donor-acceptor layers are sandwiched between a
p-doped and a n-doped layer. The doped layers allow for a low-resistance transportation of free charge
carriers from the intrinsic absorber layer. Using large energey gap materials (= transparent) for the p-
and n-doped layers with well chosen thicknesses furthermore allows the absorber layer to shift into the
maximum of the optical field without relevant ohmic losses. In addition, the doped layers reflect excitons,
giving them the chance to still reach the donor-acceptor-interface.
2.2.3 Degradation of Organic Solar Cells
The economical promise of organic solar cells is the ability for them to be produced on low-cost flexible
substrates in an inexpensive roll-to-roll process with low-cost standard evaporation processes using low
amounts of material [10]. To enter the market, organic solar cells need an efficiency of at least 5 % [116]
– a value well exceeded by the impressive efficiency of 12 % which was recently reached by Heliatek for
a small-molecule organic solar cell [67]. While increasing the efficiency of the solar cells was the most
urgent topic to be addressed within recent years, the focus is increasingly being shifted to the fact of their
insufficient stability [80]. Silicon solar cells, for example, last around 25 years or longer [80]. Even for
some niche markets like small sensors or price labels, at least 5000 h of lifetime are needed [116] – other
researchers assume 10000 h to be the economically relevant minimum lifetime [34]. Lifetime means an
efficiency drop down to 80 % [80] of the initial efficiency. While those niche markets might be large
enough to start production, the large on-grid market requires lifetimes of at least 5 years [10] or even
20–25 years [59].
Several degradation paths exist for organic solar cells, e.g. photo-induced degradation of organic
material, segregation of the bulk hetero-junction, migration of atoms from the electrodes (especially Ag)
causing shunts, and reactions of the top contact material or organic materials with ingressing oxygen or
water [59]. Ordering those mechanisms with regard to their relevance is complicated due to the huge
variety of materials, designs, and conditions used for organic solar cells. However, Rösch et al. [142]
recently published a report about the main reasons for degradation for six very different OSC-types
provided by six different labs – amongst them being OSCs from the IAPP. They found that electrode
degradation clearly dominates over intrinsic degradation of the organic photo-active layer. The most
relevant cause for failure was the oxidation of the organic-electrode interface by external water or oxygen.
This finding is impressively corroborated by the work of Voroshazi et al. [169]: They removed the Al-
electrode of a strongly degraded OSC by delamination and redeposited a new Al-electrode, recovering
the initial device performance. Different researchers found water to be more critical than oxygen for the
degradation of OSCs [72, 169, 175].
A recent review discusses improvements in polymer solar cell stability over the last five years [79]:
Besides more photo-stable active materials, the use of an inverted cell structure was found to be the
most important improvement for polymer OSCs. An inverted cell structure allows one to use high work
function metals (like Ag or Au) instead of low work function metals (like Al or Ca) on top of the device.
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In the common cell structure, the top contact acts as the anode, i.e. it takes up the electrons. To avoid
injection barriers, the work function of this electrode should be lower than the LUMO of the acceptor.
On the other hand, a low work function metal, i.e. a metal easily releasing its electrons, is more prone
to oxidation. High n-dopant concentrations near the electrode – possible by co-evaporation of small
molecules – thin the barrier to a level where electrons can simply tunnel through it. However, n-dopants
are prone to oxidation as well. Hence, strong n-doping may avoid the low work function metal but still
leaves the OSC vulnerable to oxygen and water.
In conclusion, the metal electrode currently limits the amount of water (and probably also oxygen)
an OSC can take up until its lifetime limit is reached. As a consequence, the intended lifetime and the
amount of water corroding the metal electrode define the encapsulation requirements with respect to
its WVTR. The first estimation of the amount of water needed for degradation was made with respect
to OLEDs in 2001 by Burrows et al. [14]. However, they had no data as to exactly which part of the
electrode material – the whole layer of about 100 nm or only a thin interface of down to 0.5 nm – has to be
corroded. A natural oxide layer grown at room temperature (thickness of 2–10 nm [15]) would result in
4–20 mg(H2O) ·m−2 needed for full area degradation. This value is highly comparable to experimental
results of 10 mg(H2O) ·m−2 [73] and 21 mg(H2O) ·m−2 [27] in order to reach 50 % efficiency with an
Al-electrode. With an inverted cell structure using Ag instead of Al as metal electrode, the water-uptake
to reach 50 % efficiency can be as high as 1140 mg(H2O) ·m−2 [27] – two orders of magnitude above the
level reported for Al-electrodes. Hence, by aiming for 5 years of device lifetime, the required WVTR of
an OSC-encapsulation should be lower than 10−5 g(H2O) ·m−2 ·d−1 for an Al-electrode and lower than
6 ·10−4 g(H2O) ·m−2 ·d−1 for a Ag-electrode.
2.3 Organic Light-Emitting Diodes
2.3.1 Working Principle and Evolution of Organic Light-Emitting Diodes
Organic Light-Emitting Diodes (OLEDs) become more and more popular as displays. Small displays for
smartphones are already common; larger displays for screens will soon become popular. Furthermore,
while decreasing in price, OLEDs have the potential to be used for lighting applications on a large scale
due to some obvious benefits: OLEDs emit light from an area, more pleasant to the eye than point sources
of light. Their color is tunable within a wide range via the choice of materials, and even as white light
sources they were shown to reach efficiencies comparable or better (90 lm ·W−1) than fluorescent tubes
(60–70 lm ·W−1) [137].
One of the first publications about electroluminescence – light emission due to electrical excitation
– in organic semiconductors was a work of Helfrich and Schneider from 1965 [66] using 1–5 mm thick
anthracene single crystals. Simply using one material between two electrodes – as done by Helfrich
and Schneider – was the first OLED design (Fig. 2.3.1-a). However, it was very inefficient, because
most organic semiconductors are good conductors for either holes or electrons, but not for both. Hence,
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Figure 2.3.1: Energy levels within OLEDs of increasing complexity and performance. a) One-layer OLED:
injection barriers at electrodes and recombination close to one electrode. b) Two-layer OLED: injection
barriers at electrodes but recombination only at the interface between hole transport layer (HTL) and emitter
layer (EML). c) Pin-OLED: injection barriers at electrodes can be easily tunneled due to highly doped HTL
and ETL (electron transport layer). Recombination occurs only in the EML, since intrinsic blocking layers
(EBL/HBL) hinder excitons to escape the EML.
the recombination of electrons and holes – the origin of light emission – took place close to one of the
electrodes with a larger risk of non-radiative recombination at the electrode itself. Furthermore, charge
injection into an intrinsic material goes along with high injection barriers at the electrodes. Hence, the
one-layer OLED was very inefficient (Plight = 0.1% ·Pelectric) and required high voltages of about 100 V
and more [162].
The OLED research was strongly stimulated by the work of Tang and VanSlyke in 1987 [162]: They
presented an OLED consisting of two layers instead of one between the electrodes – one for hole transport
(HTL: hole transport layer) and one for electron transport and emission (ETL: electron transport layer;
EML: emitter layer) (Fig. 2.3.1-b). The used materials blocked the electrons at the interface, while
allowing the holes to pass through. Since hole mobility was low in the emitter layer, recombination
occurred very close to this interface and therefore far away from the electrode (with its risk of non-
radiative recombination). However, differences between the organic energy levels and the work functions
of the electrodes still caused injection barriers. Furthermore, the low conductivity of the organic materials
resulted in energy losses and the position of the emission zone was not well aligned to achieve an optimal
constructive interference at the reflective electrode.
A further improvement came with the implementation of the pin-concept (p-doped, intrinsic, n-
doped) [108, 131], as depicted in Figure 2.3.1-c: Highly doped transport layers next to the electrodes
thin injection barriers to a thickness which can be easily tunneled. These transport layers are both highly
conductive (because they are highly doped) and transparent (because of their large energy gap). Thus,
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thicker transport layers do not limit the performance and can be used to shift the position of the emitter
layer to an optically optimal position. The emitter layer (EML) itself is sandwiched between two thin
blocking layers – one for holes (HBL) and one for electrons (EBL). Thus, only the EML can be pene-
trated by both holes and electrons, limiting recombination solely to this layer. Furthermore, the blocking
layers avoid non-radiative recombination of excitons at the highly doped layers – a similar effect as the
relaxation at electrodes described for the one-layer-device. Due to their large energy gap, neither the
blocking layers nor the doped layers absorb the light emitted from the EML.
2.3.2 Degradation of Organic Light-Emitting Diodes
Two categories of OLED degradation over time are known [108]: intrinsic degradation and extrinsic
degradation (= dark spot formation due to the ingress of extrinsic water or oxygen).
Intrinsically, OLEDs yield impressive lifetimes of more than 100.000 h for red and green and 10.000 h
for blue emitters starting with 500 cd ·m−2 and 200 cd ·m−2 [108], respectively. While the intrinsic,
chemical degradation pathways are unknown for most OLED materials, it has been revealed by laser
desorption/ionization time-of-flight mass spectrometry (LDI-TOF-MS) that the dissociation of the phos-
phorescent emitter molecule or its complex formation with the surrounding blocking layers are important
reasons for intrinsic degradation of OLEDs [115, 149, 150]. However, the intrinsic stability reached an
excellent level. Hence, extrinsic water and oxygen instead of intrinsic mechanisms limit the OLED life-
time: Dark spot areas around defects grow linear over time [107, 165]. As for OSCs, the main cause
of degradation is connected to the cathode. Either the low work function cathode corrodes and hinders
further injection [14, 165] or it delaminates from the organic stack [144]. According to Schaer et al.
[144], water is more critical than oxygen for running OLEDs because water is electrochemically dissoci-
ated and the released hydrogen gas accumulates beneath the cathode, forcing the cathode to delaminate
in the form of bubbles. Assuming low work function cathode corrosion is the main reason for degra-
dation – as was the case in 2001 by Burrows et al. [14] – the calculation for barrier requirements is
the same as for OSCs: Several g(H2O) ·m−2 are enough to degrade the device. The requirement of
10−6 g(H2O) ·m−2 ·d−1 often presented in the literature can be traced back to the calculation of Burrows
et al. [14]. Experiments confirm this requirement of 10−6 g(H2O) ·m−2 ·d−1 [165]. While low work
function electrodes like Al are not required in pin-OLEDs, exchanging the electrode material may only
make the extrinsic gases attack other OLED substances.
After reviewing organic semiconductors and two types of devices, the focus is shifted towards the
encapsulation of these devices and their most powerful, omnipresent enemy: water.
2.4 Humidity, Evaporation, and Condensation
The phenomena of water evaporation and condensation can be observed in everyday life: a foggy
bathroom-mirror after a long shower, laundry drying by exposure to air, and a glass of beer becoming
empty during the course of an evening.
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On the micro-scale level, water molecules stick together as a liquid because they attract each other.
To leave the liquid state, a water molecule needs a specific amount of energy. The energy of single
molecules follows a Maxwell-Boltzmann distribution. Hence, only some – namely the fastest molecules
– are able to leave the liquid; which incidentally decreases the temperature of the liquid. Molecules
leaving the liquid lead to a partial vapor pressure of water above the liquid surface. On the other hand,
water molecules can reenter the liquid as well. The water vapor pressure reached in the equilibrium state
between molecules leaving and molecules entering the liquid is the saturation pressure es. By increasing
the temperature, the energy of the molecules inside the liquid is increased. Hence, more molecules are
fast enough to leave the liquid and, as a consequence, the equilibrium is shifted towards higher vapor
pressures. The saturation pressure vs. temperature over a planar water surface (Fig. 2.4.1) is well
described by the Magnus formula with an error below 0.4 % for temperatures up to 50 °C [3].
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Figure 2.4.1: Water vapor saturation pressure es according to the Magnus formula [3]. Below the curve, a
planar surface evaporates water. The relative humidity (rh) is the proportion of present water partial pressure
relative to the saturation pressure es. Hence, water vapor partial pressure is the same for 20 °C and 100 % rh
as for 38 °C and 35 % rh.
Relative humidity (rh) names the proportion of water vapor partial pressure relative to the saturation
pressure es. With decreasing temperature, meaning a decreasing es, the relative humidity increases:
rh(T2) = rh(T1) · es(T1)es(T2) . (2.4.1)
rh relative humidity
T1/2 temperatures
es water vapor saturation pressure
At 100 % rh, water condensates at planar surfaces. However, for curved surfaces with the radius r –
convex (r > 0) and concave (r < 0) – the situation is different as described by the Kelvin equation:
es,c(r) = es,p · exp
[
2 ·σ ·Vm
r ·R ·T
]
. (2.4.2)
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es,c/p saturation pressure over a curved/planar surface
σ surface tension
Vm molar volume
R universal gas constant
T temperature in Kelvin
An important consequence is condensation in capillaries which happens far below the saturation pressure
for small capillaries. An extreme case is when molecular sieves are used as desiccants: In their pores
of ca. 3 Å diameter, es,c is extremely low. Hence, nearly all water vapor in ambient air condensates in
these pores, leading to nearly 0 % rh. Interestingly, the Kelvin equation also applies to convex surfaces.
Therefore, without condensation nuclei, the relative humidity in a gas can increase to far above 100 %.
Providing a well-defined, specific humidity level below 100 % rh is possible by the addition of chem-
icals [55, 147]: The addition of sulfuric acid reduces the saturation pressure and allows for a continuous
adjustment of the relative humidity down to nearly 0 % rh. However, the evaporation of water increases
the concentration of sulfuric acid and therefore the reached relative humidity. A simple method to provide
well-defined but single humidity fix-points is the addition of salts to the water: The salt concentration
in a saturated solution is fixed for a given temperature; an excess amount of salt (in solid state) at the
bottom of the water vessel in equilibrium provides an obvious proof for the saturation. Due to a variety
of usable salts (LiCl, Mg(NO3)2, NaCl, Na2(SO4), etc.), a variety of humidity levels can be accurately
adjusted at a given temperature using this method.
For the measurement of the air humidity level, a variety of hygrometers is used: For private mea-
surement at home or humidity monitoring in art galleries, a simple hair tension hygrometer based on
the tension variations in hair due to water-uptake/-release is sufficient. Other more or less simple types
of electronic hygrometers use the influence of humidity on the dielectric constant (capacitive sensors)
or resistance (resistive sensors) of a material. Higher precision is reached with dew point hygrometers
which cool down a mirror and precisely measure the temperature at which condensation of water lowers
the reflectivity of the mirror (dew point).
2.5 Principles of Permeation
Permeation is the mass transport of a gas or liquid – the permeate – from a gas phase through a solid into
another gas phase. In this section, the basic physical background of permeation is described. Further
information on permeation and barriers can be found in [98, 117].
Permeation consists of three separate processes [54, 117, 158]:
• Adsorption/solution: The permeate is adsorbed at the surface of the solid and dissolved into it.
• Diffusion: The permeate diffuses through the solid in a random-walk.
• Desorption: The permeate is desorbed from the surface of the solid.
20
2.5 Principles of Permeation
In this work, the focus is on barrier foils, assumed to be homogeneous in the plane. Permeation is
therefore written as a one-dimensional problem perpendicular to the plane. The flux of the permeate, e.g.
water vapor, through a solid is written as [158]
J∞ = P ·∆p/L with (2.5.1)
P = D ·S(c, p) . (2.5.2)
J∞ steady-state flux of particles through the solid
P permeation coefficient
∆p partial pressure difference over the substrate
L thickness of the solid
S sorption coefficient (see Sec. 2.5.1)
c concentration of adsorbed gas at the surface
p partial pressure of the adsorbed gas over the surface
D diffusion coefficient
Details of the two sorption processes and of diffusion are presented in the following two subsections.
2.5.1 Adsorption and Desorption
Adsorption is defined as the bonding of a gas to a surface. Weak bonds like van-der-Waals-bonds or
dipole-dipole-bonds are named physiosorption (< 0.5 eV ·molecule−1) [70, 117]. Strong bonds like co-
valent bonds are named chemisorption (> 0.5 eV ·molecule−1) [70]. Desorption is the release of a gas
from a surface. Since the gas molecules are bonded to the surface, an activation energy is needed for
desorption. At room temperature only gases bonded by weak physiosorption can be desorbed.
In equilibrium, the concentration c of the gas at the surface can be written as
c = S(c, p) · p . (2.5.3)
p partial pressure of the adsorbed gas over the surface
S sorption coefficient
Thereby, the sorption coefficient S is described by several sorption models [13, 70, 117]: Henry’s law
(Equation 2.5.4) is the simplest one stating that S is constant for a given gas-solid-combination; this
model is applicable for low partial pressures and low concentrations of adsorbed gas. The Langmuir
sorption model (see Equation 2.5.5) considers that the space on the surface is limited to one monolayer;
S is not any longer independent from c. A monolayer as the maximum concentration is reached asymp-
totically with increasing pressure. The Brunauer-Emmett-Teller sorption model (see Equation 2.5.6)
further considers the condensation of the gas on the surface, i.e. allows for a multitude of monolayers
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to be adsorbed at the surface, which is important for water. When p approaches the saturation pressure
pcond (=es for water, see Sec. 2.4), the concentration strongly increases. The equations for the sorption
models are
S = const. (Henry’s law), (2.5.4)
S =
cm
a · exp[−EaR·T ]+ p (Langmuir sorption model), (2.5.5)
S =
k
(pcond− p) · (1+(k′−1) · ppcond )
(Brunauer-Emmett-Teller sorption model). (2.5.6)
c concentration of adsorbed gas at the surface
p partial pressure of the adsorbed gas over the surface
Ea heat of adsorption
R universal gas constant
T temperature
cm concentration for a full adsorbate-monolayer on the surface
pcond saturation pressure of the gas (=es for water, Magnus formula)
a,k,k′ parameters of the adsorbate-surface-system
2.5.2 Diﬀusion
Diffusion is the directed mass transport of randomly moving particles. It is induced by a gradient of the
chemical potential, e.g. a gradient of the concentration [25]. Detailed information on the mathematics of
diffusion can be found in [26].
Diffusion can occur via defects, like micro-cracks, or through the bulk material itself. Diffusion
through the bulk is negligible for inorganic or metal barrier films; their bulk diffusion coefficients are
orders of magnitude lower than their effective diffusion coefficients as a result of defects [117]. How-
ever, diffusion through the bulk material is an important issue for polymers and "can be visualized as a
sequence of unit diffusion steps or jumps during which the particle passes over a potential barrier sepa-
rating one position from the next." [25] These positions do not have to be holes initially, but can result
from a rearrangement of the polymer chains. This is possible for polymers at room temperature because
the polymer chains stick together via weak van-der-Waals-bonds. The activation energy needed for a
rearrangement is therefore low [25]. Even though the diffusion through polymers is significant, this dif-
fusion – not the sorption – limits the permeation [158]. Thus, permeate concentrations at the surfaces are
defined only by the sorption and can be treated as constant for diffusion calculations.
Fick’s laws describe diffusion through a homogeneous bulk material without defects, meaning poly-
mers but not inorganic barrier layers. Fick’s first law of diffusion describes the flux in z-direction de-
pending on a concentration gradient [25]:
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Jz =−D(∂c/∂ z) . (2.5.7)
J flux of the permeate
D diffusion coefficient
c concentration
Fick’s second law of diffusion is obtained by the combination of Fick’s first law with the continuity
equation. It describes the evolution of the concentration over time [25]:
∂c
∂ t
= D(∂ 2c/∂ z2) . (2.5.8)
c concentration
t time
D diffusion coefficient
Fick’s laws allow one to calculate the flux of the permeate as a function of time. As the encapsulation
is (nearly) free of the permeate at the beginning, the initial permeate-flux reaching the device is lower
than the permeate-flux in steady state. With constant permeate concentrations of c1 at the outside and
zero at the device side of the encapsulation, as well as an initial permeate concentration of zero within
the encapsulation, the total transmitted amount of the permeate through the encapsulation is [29, 54]
Q(t) =
D · t · c1
l
− l · c1
6
− 2 · l · c1
pi2
·
∞
∑
n=1
(−1)n
n2
· exp
[
−D ·pi
2 ·n2 · t
l2
]
, (2.5.9)
Q(t→ ∞) = D · c1
d
·
(
t− d
2
6 ·D
)
= J∞ · (t− tl) (2.5.10)
Q total mass transmitted through the barrier
t time
D diffusion coefficient
c1 ambient concentration
l thickness of the encapsulation
tl lag time
with the lag time tl as a measure of the time needed to establish steady-state diffusion (see Fig. 2.5.1).
As calculated by Graff et al. [54], WVTR values obtained during this lag time can be lower by orders of
magnitude compared to the steady state WVTR, leading to an overly optimistic evaluation of the barrier
under test. However, from an engineering point of view, only the device lifetime is of interest. As pointed
out by Cros et al. [27], the device lifetime can be extended by both a lower steady state WVTR (=WVTR∞)
and a longer lag time.
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Figure 2.5.1: The permeate flux J remains far below the steady state flux J∞ during the lag time, because the
initially permeate-free foil takes up water. In steady state, a constant gradient between the concentration c1
outside (ambient side) and the concentration c0 inside the encapsulation is reached. Months or even years of
lag time are possible [54].
Some authors state an Arrhenius-like dependency for the permeability P on the thermal energy kB · T
[69, 140], which means:
P(T ) = P0 · exp
[ −Ea
kB ·T
]
. (2.5.11)
P0 proportionality factor
Ea activation energy
However, this statement cannot be applied in general: (i) A precondition is that the potential seen by the
permeate remains constant, meaning that the microscopic structure of the solid has to remain constant.
For polymers, the structure is not constant with temperature, but this approximation is valid for small
temperature ranges [25]. (ii) While the diffusion coefficient might show an Arrhenius-behavior, the
sorption coefficient might not (see Equation 2.5.5), e.g. the concentration of gas on the surface can
decrease with increasing temperature. However, the Arrhenius-like behavior may dominate.
2.5.3 Permeation in Single Thin Films
A typical WVTR of a 100 µm thick polymer foil at 38 °C and 90 % rh is 5 g(H2O) ·m−2 ·d−1 (PET
Melinex ST504, DuPont TeijinFilms); the best polymers are Honeywell’s fluorinated Aclar films with
WVTRs in the range of 10−2 g(H2O) ·m−2 ·d−1. This is by far not enough for organic devices. Hence,
an inorganic barrier layer is deposited on the foil to lower its WVTR. As known from silicon wafers,
an oxide layer as thin as 2–3 nm can effectively prevent the underlying silicon from further corrosion
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[116]. However, the oxygen permeation rate of deposited silica thin films is ca. 13 orders of magnitude
higher than their bulk counterparts [86]. Most of the earlier work investigated the permeation of oxygen.
Water – a strong dipole and able to condensate at ambient conditions – exhibits a slightly different per-
meation behavior. However for different SiOx barriers on PET, a power law was found as dependency
between OTR and WVTR (WVTR = OTRa) [39], stressing that the reason for permeation is similar, and
observations for oxygen can be expected to mainly hold true for water as well.
It is common sense that permeation of oxygen and water through thin film barriers is dominated by
defects, while bulk diffusion can be neglected [19, 31, 54, 69, 117]. These defects are mainly a result
of substrate surface roughness – like antiblock-particles in polymer foils [30] – or particles like dust
leftovers on the substrate [32], or particles generated during the deposition process – the main problem
for upscaling excellent barriers to be suited for mass production [116]. Those irregularities grow in
height together with the inorganic layer as so-called nodules due to shadowing of the deposited species;
thickening the layer does not close them [11]. Consequently, the barrier performance of an inorganic
layer increases with the layer thickness only until the layer covers the whole substrate around the nodules
[117]. This critical thickness is typically 10–40 nm [14, 31, 37, 117]. Further increasing the thickness
even reduces barrier performance: The thicker a layer is, the lower is the mechanical stress – originating
from the deposition process, different thermal expansion coefficients, or simply handling – which is
required to form a crack [69, 78]. In order to obtain highly flexible barrier foils with excellent barrier
performance, the aim must be thin, low-defect barrier layers [78].
Besides particles, nodules – and therefore defects – can originate from any surface irregularity shad-
owing a part of the surface larger than the diffusion range of the deposited species on the substrate
[11]. Diffusion range grows exponentially with temperature. Therefore, higher substrate temperatures
during deposition allow the covering of larger areas of shadowed surface without nodules formation.
Accordingly, at low substrate temperatures – as required for polymer substrates – achieving defect free
layers is only possible with extremely uniform and smooth surfaces. Hence, a strong increase in barrier
performance is obtained by the deposition of a smoothing polymer layer onto the substrate prior to the
deposition of the barrier itself [2, 101]. Affinito et al. produced such a smoothing layer with a liquid
film of a flash evaporated acrylic monomer and crosslinked it to a solid using UV-light [2]. They further
presented a very vivid analogy for their method: ”The situation is analogous to filling a rocky bottomed
lake with water and then freezing all of the water to leave a very smooth surface and all of the rocks
submerged.“ Note that a low substrate temperature, i.e. a low diffusion range, can also help to create a
continuous seed layer out of the deposited species since the dewetting of areas with a low surface energy
is limited by this diffusion range. Therefore, since temperature can both help and hinder the closure of
the thin film during deposition, developing an appropriate deposition process requires effort.
Besides the fact that defects dominate the barrier performance of thin films, it is worth discussing how
they do it. Tropsha and Harvey investigated the activation energy of oxygen permeation [164]. They
compared the permeation through bare PET with the one through SiOx-covered PET and found the same
activation energy for both. In case of an interaction with the SiOx-layer, an elevated activation energy is
expected. Hence, the SiOx acts simply as a block reducing the effective area for permeation.
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Figure 2.5.2: Classification of defects according to Roberts et al. [140]: Permeation of water and oxygen
through barrier layers is dominated by nano- and macro-defects. Lattice interstices are too small for both of
them.
Roberts et al. [140] classified thin film defects (pinholes) according to their diameter (see Fig. 2.5.2):
Defects with a diameter above 1 nm are referred to as macro-defects. Permeate-flux through macro-
defects is free of interaction with the barrier material; the activation energy is therefore the same as for
permeation through the bare substrate. Defects with a diameter below 0.3 nm are referred to as lattice
interstices. While they are large in number, their activation energy for water- and oxygen permeation is
very high, since both molecules are too large to pass those defects. Their contribution to the thin film
permeation is negligible at temperatures relevant for organic devices. Of special interest are the nano-
defects between 0.3 and 1 nm. Permeate-flux through those defects is characterized by an interaction with
the barrier material and, consequently, an increased activation energy when compared to the substrate.
Hence, the activation energy reveals the nature of permeation: An activation energy as low as for the
bare polymer substrate proves that permeation is dominated by macro-defects without interaction with
the barrier layer. An activation energy as high as the bulk barrier material proves the absence of macro-
defects. Any activation energy in between the one for the polymer and the one for the bulk barrier
material refers to a mixture of both cases. [140].
Oxygen does not interact with the barrier and its diffusion is dominated by macro-defects [19, 31,
64, 117]. On the contrary, water can condensate in small pores/capillaries and can interact or even cor-
rode the barrier coating itself [17, 32]. Hence, water diffusion was found to rely on permeation through
nano-defects to a significant degree, proven by investigations performed on activation energy [31, 69].
Accordingly, the macroscopic defect density observed by optical microscopy [64], SEM (Scanning Elec-
tron Microscope) [68], or AFM (Atomic Force Microscope) [39] does not explain the measured WVTRs.
Over time, permeation through single barrier films on polymer substrates was described by models of an
increasing level of complexity (see Fig. 2.5.3, [117]). The Ideal-Laminate model is the simplest one. It
assumes a homogeneous diffusion through all layers of the barrier stack, meaning a constant permeation
coefficient being valid at each position of the layer:
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Figure 2.5.3: Models employed to explain permeation through single thin films on polymer substrates
(adapted from [117]). In all models – except for the Ideal-Laminate model – permeation occurs solely through
pinholes with the barrier acting as an inert block.
Lstack
Pstack
=
n
∑
i=1
Li
Pi
. (2.5.12)
n number of laminated layers within the stack
L thickness
P permeation coefficient
However, the Ideal-Laminate model is in conflict with the observation of pinhole-based permeation [164].
The Coverage model assumes simple permeation through the substrate (see Equation 2.5.1) for all area
left uncovered due to defects. However, the permeation through a large defect is smaller than the perme-
ation through many small defects of the same area due to permeate spreading within the substrate. Prins
and Hermans [133] therefore introduced the Pinhole model which – in case Henry’s law is applicable,
i.e. there is low adsorbate-concentration on the surface (see Sec. 2.5.1) – can be written as:
J∞ = P · ∆pL ·
Ad
Atot
·
(
1+1.18 · L
r0
)
. (2.5.13)
J∞ steady-state flux of particles through the solid
P permeation coefficient
∆p partial pressure difference over the substrate
L thickness of the solid
Ad sum of defect area
Atot total area
r0 diameter of defects
While the Pinhole model holds true for defect distances 3 times as large as the substrate thickness [64],
smaller defect distances reduce the overall permeation (= Pinhole-Interaction model). All of the models
presented in Figure 2.5.3 neglect the interaction between the barrier material and the permeate. Hence,
they are applicable only for macro-defects [117].
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2.5.4 Permeation in Multilayer-Films
Single thin films used as permeation barriers reached WVTRs not far below 10−3 g(H2O) ·m−2 ·d−1
[116] except for some ALD-layers [18]. Instead of aiming for the complete removal of any pinholes
in one single layer, Shaw and Langlois presented a multilayer of alternating polymer (acrylate) and
aluminum thin films in 1994 [54, 155]. A pair of polymer and barrier film is typically named dyad.
The most prominent multilayer barrier is the BARIX-barrier system from VITEX Technologies Inc. Its
transparent dyads consist of flash evaporated acrylates (see Sec. 2.5.3) and low defect density sput-
tered barrier layers. Five BARIX-dyads with Al2O3-barrier layers on a PET-substrate reached a WVTR
of 4 · 10−6 g(H2O) ·m−2 ·d−1 at ambient conditions according to an optical calcium-test [172]. How-
ever according to Moro and Visser [116], in a roll-to-roll process, the BARIX-system reaches only ca.
10−4 g(H2O) ·m−2 ·d−1 due to particle production within the process itself. Progress was made not only
by lowering particle contamination with better coating equipment, but also by reducing the number of
dyads to two or three. The latter one is mainly an economic issue: The low deposition speed of the
oxide layer limits the throughput [116]. Another multilayer barrier system produced by the Fraunhofer
POLO-group in a roll-to-roll process reached 8 ·10−5 g(H2O) ·m−2 ·d−1 at 23 °C and 50 % rh. It consists
of two and a half dyads of sputtered ZnSnOx as the barrier, and ORMOCER-lacquer as the smoothing
interlayer [48, 117].
polymer substrate
outside
inside
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polymer
Figure 2.5.4: Tortuous path model: Thanks to smooth polymer interlayers, defects of successive layers are
spatially separated. The longer distance lowers the speed of diffusion and increases the lag time [54].
The excellent barrier properties of multilayer-films are caused by the following:
• Surface-smoothing / decoupling of defects: Defects in a barrier layer are covered and smoothed
by the polymer interlayer. Hence, a defect or a surface irregularity in one barrier layer does not
cause a defect in the subsequent one. Direct paths from the outer atmosphere through the whole
encapsulation become rare.
• Tortuous path: Compared to a direct path, the path for the permeate to enter the device is ex-
tended and the diffusion is reduced, because defects of successive layers are spatially separated (see
Fig. 2.5.4). However, according to Graff et al. [54] steady-state permeation rates below 10−3−
−10−4 g(H2O) ·m−2 ·d−1 cannot be reached with common defect densities of 500 defects with ca.
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1 µm diameter per mm2. Multilayer barriers with reported WVTRs below 10−5 g(H2O) ·m−2 ·d−1
are explained by a lag time extending the time length of the measurement. While additional dyads
cannot lower the steady-state WVTR significantly, they can shift the lag time to several years [54].
Elongation of the lag time might additionally be a consequence of the inorganic layers acting as
permeate-getters [168]. Thinning the polymer layer also increases the lag time as long as effective
decoupling of defects is still guaranteed. Note that the application of the tortuous path model for
water-permeation through nano-defects is questionable due to the fact that nano-defect densities
are several orders of magnitude higher than those used for these calculations [117].
• Barrier layer protection: Covering the barrier layers with polymers protects them to some degree
against abrasion, scratches, and corrosion. The long-term stability is thus improved.
• The filling of defects: An enhancement even of a single barrier layer by one order of magnitude
can be reached by using a polymer to fill the defects. The adsorption is lowered when the defect
has no direct air contact [117].
The main drawback of multilayer barriers is their price, due to the high amount of effort needed to
deposit several barrier layers. Another important issue is delamination. This is due to thermally induced
mechanical stresses and low adhesion strength between inorganic and organic layers [22]. However, for
adapting to the specifications of organic devices, multilayer-barriers appear to be the best choice.
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In this chapter, state-of-the-art technologies for the production and evaluation of barriers
are reviewed. Since many of the samples presented in this work were produced with atomic
layer deposition (ALD), this barrier technology is described in more detail. Accordingly, the
section about permeation measurement techniques focuses on calcium corrosion tests which
were almost exclusively used in this work with regard to barrier evaluation.
3.1 Barrier Technologies
3.1.1 Introduction
To protect an organic device from ambient gases, barriers have to be applied on all sides of the device
(front, back, and edges). There are a variety of ways to do so (see Fig. 3.1.1). Glass withstands chemicals
and temperatures, is highly transparent, easy to handle in small pieces, and is practically impermeable
for moisture or oxygen. However, since glass is brittle, heavy, and rigid, it is unfavorable for large-area
devices or mobile applications. Barrier foil is flexible, light-weight, and can be used for roll-to-roll
processing. However, the thin barrier on the foil can be easily damaged by handling or due to process
steps needed to deposit the device. Using a less sensitive carrier foil (Fig. 3.1.1-g) avoids this problem.
Applying a second barrier on the back side offers several options as well: While a thin film encap-
sulation avoids permeation through sealing materials, it needs to be deposited directly onto the sensitive
device which reduces the possible temperatures and chemicals. Conversely, having barrier and device on
different substrates creates the need for a sealing material which opens an additional permeation path.
3.1.2 Barrier Technology Overview
Thin film barrier layers can be deposited using a variety of physical and chemical vapor deposition tech-
niques, e.g. thermal evaporation, sputtering, and atomic layer deposition (ALD). While the techniques
differ in their achieveable barrier quality, the materials engaged make a huge difference for the barrier
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(c) glass + edge sealing (d) glass + full area glue
(e) glass/foil + full area glue (f) foil + full area glue
(g) foil package + carrier foil
(a) thin film on glass (b) thin film on foil
Figure 3.1.1: Barrier concepts: A device on glass or barrier foil can be covered with (a,b) a thin film encap-
sulation produced by any thin film technique, (c,d) rigid glass or (e,f) a flexible barrier foil. (g) Furthermore,
a device can be deposited onto a carrier foil and encapsulated between two barrier foils.
performance as well. Dense, smooth films turned out to be better barriers than films exhibiting columnar
growth [45]. Thin film techniques – especially ALD – are further described in the following two sections.
Beside the typically used thin film techniques, ultra-thin glass (50 µm) [60], metal foils [24], and
even graphene [96] were found to be excellent flexible permeation barriers. Thin, rigid glass (0.5–2 mm
thick) is widely used for displays, e.g. in tablets, smartphones, and TV-screens, but is too expensive for
low-price applications like organic solar cells and, besides still being brittle, undermines the flexibility
allowed by organic devices. Especially the price for glasses with an etched cavity is high. On metal foils,
an alternative substrate, OSCs [50] and active-matrix OLED-displays [24] have been realized. Metal
foils are flexible, dimensionally stable, and durable. Nevertheless, an additional smoothing of the as-
processed metal surface is required [24, 49] which further increases the price. Recently, an approach
came up in research to build up self-assembled multilayer barriers: Flat clay flakes dispersed in a poly-
mer and self-ordering to a multilayer were shown to decrease the WVTR when compared to the matrix
polymer, polyvinyl alcohol (PVA), by a factor of 6.9 [51]. In a recent publication [94], clay flakes with
an aspect ratio of about 25,000 even reached a WVTR below 0.05 g(H2O) ·m−2 ·d−1 at 25 °C and 50 %
rh, highlighting the potential of such clay flake barriers.
3.1.3 Atomic Layer Deposition
The best single thin film barrier layers reported in literature are made by atomic layer deposition (ALD):
WVTRs down to 1.7 · 10−5 g(H2O) ·m−2 ·d−1 at 38 °C and 85 % relative humidity on a PEN-foil are
reported [18] and organic solar cells with less than a 5 % efficiency drop after 6145 h in air (without
encapsulation: 50 % efficiency loss after 10 h) [132]. Since many barrier layers described in this work
are also ALD-based, a deeper insight into this technology is provided in this section. For information
beyond the scope of this overview, the reader is referred to the detailed review of George [52].
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Figure 3.1.2: The ALD-process: Two precursors react to the final material, but are provided successively
with intermediate purging steps in order to remove residual precursor material. The reaction of each single
precursor with the surface is self-limiting. Hence, the cycle-wise grown layers are highly conformal and
nearly defect-free. This figure shows a process with TMA (Precursor A) and water (Precursor B), leading to
a layer of Al2O3.
ALD is a thin film deposition process. It is characterized by a monolyer-wise, highly-conformal growth
of material. In an ALD-process, two precursor-gases, e.g. Trimethylaluminum (TMA) and water, are
engaged. While those precursors would react to the barrier layer material such as alumina in an un-
controlled way, if brought together in the reaction chamber, they do only cover the substrate up to a
monolayer if applied alone. In an ALD-process, both gases are alternately inserted into the chamber.
Purging- or pumping steps in between ensure that only one precursor is present in the chamber volume
at one time. Thus, the growth of the final material is limited to one monolayer per process cycle. By
repeating those cycles, one can grow highly conformal, well-defined layers. The principle is depicted in
Figure 3.1.2 in the case of tri-methyl-aluminum (TMA) and water as precursors. Note that for starting
the layer, this process requires OH-groups at the surface.
ALD development started in the 1970s and was promoted by the need of the semiconductor-industry
for thin, highly conformal dielectric layers [52]. ALD is known for its pinhole-free layers [18, 52],
which makes it an interesting approach for permeation barriers. However, the experience of pinhole-free
layers achieved by ALD goes back to the semiconductor-industry working with two important boundary
conditions: temperatures of roughly 350 °C [57] and clean-room-conditions. On the contrary, barriers
on polymer foils must be processed at lower temperatures and – due to cost reasons – within a less clean
environment. The glass transition temperature of typical polymer foils like polyethylene terephthalate
(PET) or polyethylene naphthalate (PEN) is ca. 78 °C and 120 °C respectively [105], and the barrier
performance was found to depend significantly on the cleanliness of the substrate [32, 97]. Hence, even
ALD-processed barrier layers can contain a significant amount of defects, if those layers are processed
at polymer-compatible temperatures. However, other process conditions besides temperature could be
varied to reduce the defect density, e.g. precursor pulse times or pressures.
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Low-temperature ALD is possible thanks to high exothermicity, especially of Al2O3-forming reac-
tions [52]. Even at 33 °C, smooth layers could be presented by Groner et al. [57]. On the other hand,
purge times required to remove residual precursors from the reaction chamber are strongly elongated for
low temperatures [52, 57]: Groner et al. [57] needed cycle times of 203 s for a TMA-water process at
33 °C (3 s for precursor-pulses, 200 s for purging), but only 12 s cycle time at 175 °C (2 s for precursor-
pulses, 10 s for purging). Langereis et al. [97] engaged oxygen-plasma instead of water, and thereby
reduced the cycle time for room temperature ALD to 17 s (7 s for precursor-pulses, 10 s for purging).
With a critical thickness of 5–10 nm, as found by Groner et al. [58] for TMA-water-processed alumina
at 120 °C on PEN and a deposition rate of ca. 0.1 nm · cycle−1, the overall process time adds up to at
least 10 minutes. ALD is possible down to room temperature, but a low temperature is accompanied by
increased cycle-times. Since ALD layers on polymers start their growth even within the polymer matrix
[46, 52], the critical thickness defining the minimum number of cycles needed for a closed layer therefore
depends also on the substrate. By depositing a first inorganic layer via a fast technique (e.g. PECVD
with 33 nm ·min−1 [88]) and using ALD only for closing defects in the previous layer, barriers within
the 10−5 g(H2O) ·m−2 ·d−1-regime at ambient conditions or even at 38 °C and 85 % rh can be achieved
[16, 32, 88].
Regarding defect density, Zhang et al. deposited a 25 nm thick ALD-layer (TMA/water at 120 °C) on
a nickel-covered silicon wafer and found defect densities of up to 59 cm−2. The defects were revealed via
electrodeposition of copper, making them visible under a simple light microscope [179]. While several
tens of defects · cm−2 is not defect-free, it is a low value compared to more than 10,000 defects · cm−2 in
a film of SiOx or SiN deposited via PECVD on a PET substrate [30].
Nevertheless, technique and precursors alone are not sufficient to explain defect densities. The work
of Zhang et al. [179] underlines the importance of the substrate: For the same barrier (Al2O3 via ALD),
they found significantly more defects on their (rougher) copper-substrate and on their gold-substrate than
on their nickel-covered silicon wafer. On the contrary, Abdulagatov et al. [1] found only 8 defects · cm−2
on smooth copper using the same electrodeposition method. For ALD-barriers, a defect density depend-
ing on surface roughnesses (such as for copper) is surprising; the ALD-process can cover rough surfaces
with high aspect ratios. Eventually, precursor exposition times were chosen to be long enough to cover
flat surfaces, but not to fully cover high aspect ratio surfaces. While roughness can explain the results of
Zhang et al. on copper, the high defect density on a smooth gold surface was attributed to the absence of
hydroxyl groups needed for the initial bonding of TMA to the substrate [179]. Also, George stresses the
importance of ALD-nucleation for continuous and pinhole-free ultrathin films; otherwise island-growth
is observed [52].
For a barrier layer, process parameters and the substrate define the initial barrier performance. How-
ever, the long-term barrier performance of the layer is defined by its handling (mechanical stresses) and
the climate conditions to which it is exposed (corrosion):
Mechanical stress: The brittle barrier layer withstands tensile and compressive strains up to a critical
strain defined by the onset of crack formation [78, 114]. These cracks start as small defects at single sites,
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growing perpendicular to the direction of tensile strain. At higher strains, additional cracks form in the
direction of strain due to layer compression [114]. For ALD-processed alumina layers (TMA/H2O at
155 °C) on PEN, the critical tensile strain ranges from 0.88 % for a 125 nm to 5.08 % for a 5 nm thick
layer [114], or from 0.52 % for an 80 nm to 2.4 % for a 5 nm thick layer according to Jen et al. [78].
The thickness dependency of the critical strain was proven to be proportional to thickness−0.5 [78].
Interestingly, while thicker layers crack at lower critical strains, they end up with fewer cracks when
strain is increased [78].
Corrosion: The corrosion of an alumina single-crystal by water does not start below 1800 °C [177].
On the contrary, grain boundaries within poly-crystaline alumina are weaker due to impurities and can be
attacked by water at 300 °C [122]. For alumina-layers deposited by ALD at 175 °C, corrosion caused by
water-saturated air occurs even at room temperature [32]. Carcia et al. postulate that corrosivity of ALD-
deposited alumina depends on hydrogen incorporation in the films during growth [17]. In fact, alumina
thin films grown at 100 °C are amorphous with significant H-incorporation: ca. 15 at.% for TMA/H2O
[57], and 8 at.% for TMA/ozone-process [166]. On the contrary, for TMA/ozone-ALD at 400 °C the H-
incorporation is less than 1 at.% [166]. While for barrier foils higher temperatures are no option in order
to improve corrosion resistance, protection layers are: A strong improvement in corrosion resistance was
found for protection layers made of polymer foils [17, 32], 1–2 µm parylene coating [53, 88], rapid-
ALD-deposited silica [32], 100 nm PECVD-deposited SiN [16], and 25 nm ALD-deposited titania [1].
In case of zirconia, both a significant corrosion-protective property as well as its absence were reported
in [112] and [1, 17], respectively.
Since ALD-layers have been extensively used for this work, they are described in more detail. Further
thin film technologies usually used to process barrier layers are described in the following section.
3.1.4 Further Barrier Deposition Techniques
Evaporation – whether caused thermally or via an electron beam – allows the deposition of barrier
material like aluminum or SiO2 to take place by evaporating it from the solid to the gaseous phase. This
method is widely used for food packages due to its high throughput at low costs. The WVTR of those
barriers on polymer substrates can usually be found in the range of 10−1–101 g(H2O) ·m−2 ·d−1 [44], but
can be enhanced by adding a plasma between the evaporation source (crucible) and the substrate [145].
Sputtering is another technology used to produce high-quality barrier layers with WVTRs down to
10−2 g(H2O) ·m−2 ·d−1 [44]. Thereby, the barrier material – or at least one component since a gas in
the chamber can represent the other component (reactive sputtering) – is removed from the target by
high-energy ions (e.g. argon). These ions are are formed in a plasma over the target and accelerated
toward the target by employing a high voltage. Due to the high energy of the ions, the particles being
sputtered from the target have a high energy as well. These form very dense films on the surface of
the substrate. Compared to the use of evaporation, the barrier quality using sputtering is better, but the
deposition rate is lower by far. Like in the case of evaporation, surface imperfections can lead to nodules
in sputter-deposited layers, since the surface imperfections can shadow parts of the substrate [11].
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PECVD (plasma-enhanced chemical vapor deposition) is widely used to deposit SiOx- or SiNx-
barrier layers with WVTRs down to 10−2 g(H2O) ·m−2 ·d−1 [44]. During this process, a monomer (e.g.
Si(CH3)4 (TMS), (CH3)3-Si-O-Si-(CH3)3 (HMDSO) or (CH3)3-Si-NH-Si-(CH3)3 (HMDSN)) is injected
together with a reactive gas (e.g. oxygen) into the reaction chamber. The reaction to the barrier material
and volatile byproducts is not reached thermally (the usual CVD), but via plasma activation. The benefit
of plasma instead of temperature for activation is the low temperature allowed for this process. Further-
more, the high-energy ions from the plasma lead to denser films since they remove loosely bound parts
of the surface (sputtering) and are highly mobile on the surface. Because PECVD is not performed from
a spatially defined source, shadowing due to surface imperfections can be compensated to some degree.
However, the surface-conformal coverage of ALD is not reached by far.
3.1.5 Multilayer-Technologies
In multilayer-barriers, soft and smooth interlayers allow for the smoothing of surface imperfections (e.g.
defects and particles) in order to decouple defects between subsequent barrier layers and to reduce defect
density. The WVTR is thereby decreased while lag time as well as flexibility are increased. Several
methods are applied to produce such interlayers:
The Fraunhofer POLO group uses an ORMOCER-lacquer, an organic-inorganic hybrid polymer
which is water-based [117]. This lacquer is deposited and dried in ambient air and reaches a final thick-
ness of at least 800 nm. Since it is deposited as a liquid, it creates a very smooth surface. However, this
technique requires the interruption of vacuum processing and potentially incorporates a large amount of
water between subsequent barrier layers.
Another method involving the deposition of a liquid is used for the BARIX-system from Vitex Inc.
[2, 155]: An acrylate-precursor is evaporated onto the substrate, forming a liquid. Via UV curing, the
liquid is virtually frozen (crosslinking of monomers). Similar to the ORMOCER lacquer, this process
smooths the surface very well. Furthermore, it can be performed in vacuum and is therefore highly
compatible with barrier production processes. However, a drawback exists due to the production of
particles inside the vacuum chamber which then again cause new defects.
While the two latter processes involve liquids on the surface, there have also been reports about
PECVD-processed (plasma-enhanced chemical vapor deposition) interlayers [20, 38, 44]. The benefit
of these layers (e.g. SiOxCyHz) is that they can be processed using the very same tool as the barrier
layers themselve by simply changing the composition of the precursors in the chamber. This method is
therefore very compatible with the barrier process. However, while the liquid-based solutions can create
a perfect plane, covering surface imperfections and particles underneath, PECVD-layers follow the shape
of the surface, i.e. lead to a slightly smoother but not planar surface [117].
After reviewing technologies to produce permeation barriers, the next section presents techniques
which evaluate the performance of these barriers.
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3.2 Permeation Measurement Techniques
3.2.1 Introduction
Already known in 2001, organic devices place the highest demands on barrier performance (ca. 10−6
g(H2O) ·m−2 ·d−1, [14]). However, they have been a niche product for years. Hence, ultra-sensitive
permeation measurement devices were not available on the market. Mocon, the market leader, offered at
best the Permatran-W Model 3/33 with a sensitivity down to 5 ·10−3 g(H2O) ·m−2 ·d−1. Improvements
came with the the Aquatran I (at the end of 2006, limit: 5 · 10−4 g(H2O) ·m−2 ·d−1) and, recently, the
Aquatran II (at the beginning of 2013, limit: 5 · 10−5 g(H2O) ·m−2 ·d−1). Obviously, the devices of
the market leader (Mocon) did not allow users to distinguish between an appropriate barrier and an
inappropriate one.
As a consequence, lab solutions came up. Researchers created new permeation measurement methods
such as the calcium test [119]. While several measurement principles are intrinsically sensitive enough,
the challenge is to design a sealing with a background rate in the 10−6 g(H2O) ·m−2 ·d−1-regime or
lower. Furthermore, the absence of a standard measurement device and standard measurement procedure
to verify results led to distrust of other laboratories’ results – illustrating the need for standards.
An important misunderstanding, for instance, is the difference between the intrinsic and the effec-
tive WVTR. All permeation measurement methods – except for optical calcium tests without a gas vol-
ume – cannot exclude water coming in through process-dependent macro-defects. These macro-defects
could, for example, originate from dust particles during the process. These dust particles can be avoided
through continued process development, but are not yet avoided. The intrinsic WVTR is the WVTR with-
out macro-defects, meaing the minimum WVTR possible with this barrier. This interesting value can be
obtained by measuring many small samples and taking the best one which contains only a few or no
macro-defects. The intrinsic WVTR is an important value since it allows one to compare barrier tech-
nologies with regard to their potential. On the contrary, the effective WVTR is the mean WVTR including
macro-defects. It indicates the state of the art and can differ from the intrinsic WVTR by several orders
of magnitude. Unfortunately, it is not common to clearly distinguish between these two values, leading
to misunderstanding and distrust in extraordinary results.
A need for standardization can also be seen by the diversity of climate conditions at which the WVTR
is measured (see [7] for an overview). With regard to accelerated corrosion of barriers due to moisture
(see Sec. 3.1.3) and condensation in capillaries far below 100 % relative humidity (see Sec. 2.4), a sim-
ple transformation between different climate conditions using an activation energy and a constant water
concentration may be erroneous: Fahlteich [41], for instance, found a negative activation energy for wa-
ter permeation through barriers. Peck [126] found for the time to failure of semiconductors encapsulated
with epoxy glue a non-linear dependency with respect to relative humidity, recently confirmed by Her-
menau [71] for organic solar cells. Consequently, standardized testing conditions would help comparing
barriers. An appropriate set of often used conditions is 23 °C/50 % rh (ambient), 38 °C/90 % rh (tropi-
cal), 60 °C/90 % rh (accelerated aging), and 85 °C/85 % rh (damp-heat test) [117]. Within the researcher
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community dealing with organic solar cells, further conditions such as 65 or 85 °C and ambient humidity
are used [136]. Hence, investigating climate dependency of barrier performance remains an important
task for future studies.
In the following sections, different methods to measure the WVTR of barriers are presented. Their
benefits and drawbacks, as well as their application (only barriers on polymer substrates or even thin film
encapsulation) and range of sensitivity, are discussed.
3.2.2 Gravimetric Cup
The gravimetric cup (standard: ASTM E96) is a very simple method used to evaluate the WVTR of a foil.
An impermeable cup is filled either with a desiccant or with water. Its opening of 645 cm2 (100 inch2) is
closed with the substrate under test, e.g. a barrier foil. Permeation into or out of the cup (using desiccant
or water, respectively) results in a mass change. The WVTR is determined by successive weighing of
the cup. Wax or asphalt are recommended as sealing materials that are impermeable and do not take up
water themselves. Surrounding climate conditions should be 21–32 °C at 50 % rh or 38 °C at 90 % rh for
tests involving extreme humidity. The conditions should be held constant to ±0.6 K and ±2 % rh. The
sensitivity of the gravimetric cup is limited to ca. 0.1 g(H2O) ·m−2 ·d−1 [117].
3.2.3 Coulometric Devices
In coulometric devices, an inert carrier gas transports permeated water to the sensor. The sensor consists
of two adjacent electrodes with an applied voltage. Between these electrodes, phosphorus pentoxide (P4
O10), the most powerful desiccant material known [173], is used as an electrolyte. In contact with P4
O10, water is electrolyzed to form oxygen and hydrogen. The resulting current between the electrodes is
proportional to the amount of water electrolyzed. A more precise description can be found in [173].
The most prominent coulometric devices are manufactured by Mocon. Recently, their AQUATRAN
II entered the market. It is able to measure WVTRs of barrier foils down to 5 · 10−5 g(H2O) ·m−2 ·d−1
on an area of 50 cm2. While the sensor is the same as that used in the AQUATRAN I (WVTRs ≥
5 ·10−4 g(H2O) ·m−2 ·d−1), the new Mocon device version uses a nitrogen flush ring at the perimeter of
the sealing, reducing the background rate.
3.2.4 Mass Spectrometer
Using mass spectroscopy, small traces of various gases can be measured at once, e.g. H2O, O2, N2, and
He [77, 134, 178]. In a common setup, the foil under test separates two gas cells from each other. One of
the cells contains a high partial pressure of the permeate gas. The other gas cell is kept under ultra-high
vacuum (UHV) with a mass spectrometer connected to it. In the latter one, the partial pressure of the
permeate is measured. The permeate either accumulates in the latter chamber [77] or is kept at a constant
level by an equilibrium between permeation into the chamber and pumping out of the chamber [178].
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For mass spectroscopy setups, water vapor permeation rates down to 1.90 · 10−7 g(H2O) ·m−2 ·d−1
were reported [178]. Such a high sensitivity requires the use of H218O instead of the more common
H216O due to the lower background rate. The most important advantage of mass spectrometers is the
option to detect various gases. The most important drawback is the need for complex equipment [117].
Recently (in 2013), a device named VacuTRAN (VG Scienta Ltd.) entered the market which is able
to measure WVTRs lower than 10−6 g(H2O) ·m−2 ·d−1. Like the setups previously described, it uses
uncommon isotopes (D2O) to ensure low background rates [167].
3.2.5 Tritium-Test
In tritium-test setups, the barrier foil separates two gas cells. One gas cell contains tritiated water,
leading to a relative humidity of 100 % in this gas cell. The other gas cell is either purged with methane
transporting permeated HTO to the detector (continuous data acquisition [36]), or contains LiCl, a highly
hygroscopic salt collecting the permeated HTO for a subsequent transport to a detector for beta-radiation
[32, 58]. Dameron et al. [32] found evidence that atomic tritium can permeate through the barrier also
via proton exchange reactions, resulting in an overestimated WVTR.
3.2.6 Laser-Absorption
Even traces of water – or other gases – absorb light. Hence, a laser beam with a wavelength which would
excite water loses intensity when propagating through a volume containing water vapor. Consequently,
a laser beam can be employed to measure the water density either directly behind a barrier foil [154]
or in an inert carrier gas stream coming from this foil [12]. Based on water density, the WVTR of
this barrier foil can be calculated. In practical application terms, the detection limit is defined by the
quality of the barrier foil sealing. Brewer et al. [12] found a limit which is ”significantly below 1 ·
10−4 g(H2O) ·m−2 ·d−1“. Furthermore, the HiBarSens 18-1 (Sempa Systems GmbH) is able to measure
WVTRs down to the 10−6 g(H2O) ·m−2 ·d−1-regime [154].
3.2.7 Organic Devices
The ultimative test method is to use organic devices themselves, since this method considers all in-
fluences on the device. However, the processing and investigating of organic devices needs additional
know-how which a foil-manufacturer typically does not have and is not willing to obtain. Furthermore,
one cannot easily extract a permeation rate based on this method [117]. At the same time, the advantage
of taking all influences into account, is the most important drawback: One cannot distinguish between
water entering the device through the foil and other influences like water coming from the sealing or
degradation due to temperature and light.
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3.2.8 Calcium Corrosion Tests
3.2.8.1 Introduction
Calcium corrosion tests, or in simplified terms calcium tests, probably represent the most simple and
common technique to investigate ultra-high permeation barriers. Like a device (and therefore highly
comparable), calcium is evaporated as a thin film, shielded by the barrier material to be tested, and
degraded (corroded) by a reaction with permeating water vapor:
Ca+H2O→ CaO+H2 ↑ and (3.2.1)
CaO+H2O→ Ca(OH)2 . (3.2.2)
In several important publications pertaining to the calcium test, a reaction of calcium with oxygen – not
only with water – is said to be possible [119, 125]. By contrast, calcium corrosion at room temperature
investigated with isotopic labeling revealed that calcium reacts only with water [28]. Former publications
by Svec and Apel [160] and by Gregg and Jepson [56] found the same behavior in terms of calcium
reactivity for 20–70 °C and up to 150 °C, respectively. However, Reese et al. [135] reported point-wise
corrosion of calcium in the presence of about 92 mol-% oxygen (rest nitrogen) at 90 °C, and investigated
over a three-day period. However, all authors agree that water will always be the dominant reaction
partner. Hence, calcium corrosion can be attributed to a reaction solely with water. According to Svec
and Apel [160], the reaction product is Ca(OH)2, i.e. one calcium atom reacts with two water molecules.
However, Pätzold et al. [125] also presented CaO as a possible corrosion product.
Consequently, monitoring the amount of metallic calcium over time allows one to calculate the WVTR
of a barrier foil. Note that all water passing the barrier or the sealing must be assumed to react with the
calcium layer as opposed to adsorption to the walls of the setup or delay due to reaction kinetics. As is
customary, WVTRs can be measured only down to the limit set by the background permeation through
the sealing.
Calcium corrosion is a precise indicator for water, but the accuracy of calcium corrosion tests is also
influenced by how the amount of calcium is monitored (see Fig. 3.2.1). An important issue for both
optical and electrical calcium corrosion tests is whether a cavity next to the calcium is present or not (see
Fig. 3.2.1). Without a cavity, the thin calcium layer corrodes in circles around defects – the sources of
water; the corrosion fronts move in a lateral direction. With a cavity, incoming water distributes and the
thin calcium layer is assumed to corrode in a laterally homogeneous way [119, 125]; the corrosion front
moves from top to bottom. Note that even for such a configuration employing a cavity, inhomogeneous
calcium corrosion has been found for a bulk calcium layer of 130 µm thickness by Nissen [120]. He
found corroded sites increasing in number, but not in size, until they covered the whole surface. He
additionally observed a homogeneously growing oxide layer.
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Figure 3.2.1: Calcium corrosion tests: The electrical calcium corrosion test monitors the resistance of the
calcium layer contacted via evaporated electrodes. The gas volume allows water vapor to distribute and
shall ensure for homogeneous corrosion. The optical calcium corrosion test measures the light transmission
through the entire calcium layer or – with a CCD-camera – single spots of it. The Lambert-Beer law translates
transmission into a residual calcium height. The improved optical calcium test type using spatial resolution
is typically performed using a CCD-camera. It is the only method which allows one to exclude process-
dependent macro-defects (intrinsic WVTR). All other methods include them (effective WVTR). (Reprinted
with permission from [92]. Copyright 2013, Society of Vacuum Coaters.)
3.2.8.2 Optical Calcium Corrosion Tests
One option to monitor calcium corrosion is that of optical evaluation. It uses the fact that calcium is
opaque while the corrosion products are transparent. The light transmittance through a calcium layer of
homogeneous height h is described by the Lambert-Beer law:
I = I0 · exp[−α ·h] . (3.2.3)
I light intensity passing the layer
I0 light intensity reaching the layer
α absorption coefficient of the layer material
To extract the residual calcium height from the amount of transmitted light, the layer must exhibit such
a homogeneous height – at least on the pixel-size over which the mean transmission is measured. A
version for an optical calcium test with a cavity and homogeneous corrosion assumed for each pixel
of the CCD-camera was presented in 2001 by Nisato et al. [119] – the first calcium-test publication.
In the case of such a precise intensity measurement, one has to ensure that the signal is proportional
(not gamma-corrected) to the intensity of light reaching the detector, and favorably a black and white
reference should be present on every picture to compensate for deviations of lamp intensity.
Optical calcium test versions without a cavity were presented by Kumar et al. [93] and Nisato et
al. [119]. Without the cavity, corrosion is laterally inhomogeneous. The transparent circles of corroded
calcium can be easily distinguished from the opaque areas of metallic calcium around them on a photo
taken with a CCD-camera. The WVTR can be extracted from the growth rate of the calcium circles. Fur-
thermore, distribution and the relative sizes of defects become visible in the corrosion pattern. However,
this version of the optical calcium test is only useful for defects separated by more than the camera’s
pixel size. Permeation dominated by many nano-defects with short distances to each other can not be
monitored by this version of the optical calcium test since the contrast between corroded and metalic
calcium is required.
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A combination of the two optical versions previously presented is also possible: The calcium layer
is sandwiched between the barrier to be tested and an impermeable material (or a much better barrier).
In contrast to the latter version, pixels on photos taken with the CCD-camera are not understood as fully
metallic calcium or fully corroded calcium but as grayscale images of metallic calcium of a residual
homogeneous height. Hence, a high-resolution map of residual calcium height is obtained. While the
effective WVTR can be extracted from the full image, this method – and only this method – also allows
one to evaluate the intrinsic performance of the barrier material by ignoring the large corrosion spots
around macro-defects, e.g. particles caused by the processing of the barrier. The intrinsic WVTR is of
importance, as it represents the best value one can aim for by further developing the barrier deposition
process.
More practical details of the optical calcium test can be found in the original patent [9]. The detection
limit of optical calcium tests with a cavity depends on the quality of the perimeter sealing, but was found
to be below 5 · 10−6 g(H2O) ·m−2 ·d−1 by Nisato et al. [119]. For the cavity-free design, rates in the
10−7 g(H2O) ·m−2 ·d−1-regime are given [119].
3.2.8.3 Electrical Calcium Corrosion Tests
Calcium thin films exhibit a resistivity of ca. 4–9·10−6 Ω · cm [125, 135] comparable to aluminum,
while CaO and Ca(OH)2 are insulators. Pätzold et al. [125] published the first paper about an electrical
method to monitor calcium corrosion. They also published the related patent [8]. The electrical calcium
test monitors the resistance of the thin calcium layer in a lateral direction. As calcium corrodes, the
resistance increases. By assuming a homogeneous height, i.e. laterally homogeneous corrosion, Pätzold
et al. presented the following relation between WVTR and resistance:
WV T R =−n ·M(H2O)
M(Ca)
·δ ·ρ · l
b
· d(1/R)
dt
. (3.2.4)
n water molecules per calcium atom
M molar mass
δ calcium density
ρ calcium resistivity
l length of calcium layer
b width of calcium layer
R resistance of calcium layer
t time
While the optical calcium test provides a spatial resolution, the electrical calcium test can only monitor
an integral resistance. Since one single integral resistance value can be achieved using many different
calcium configurations, a corrosion model translating the integral resistance to a calcium configuration is
needed. The common assumption is that of laterally homogeneous corrosion. As shown via simulation
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Table 3.1: Electrical calcium test designs found in literature.
Ca onto Ca thickness (nm) Gas volume Electrode material sense mode Reference
barrier 250 yes Ag 4-wire [125]
glass 250 no ITO ? [159]
glass 200 yes Ag 2-wire [21, 23]
glass 250 ? Ag ? [65]
glass 300 no Al 4-wire [88]
glass ? no Ag 4-wire [139]
glass 1000 yes Au 4-wire [135]
glass 250 yes Al 4-wire [63]
glass 250 ? Al 2-wire [81]
glass 270 no Cr/Au ? [7]
by Pätzold et al. [124], the electrical calcium test applied to a laterally inhomogeneous corrosion al-
ways underestimates the amount of remaining calcium. This inhomogeneity is automatically present for
defect-dominated barriers without a gas volume for water distribution. Interestingly, the same simulation
revealed that the calculated WVTR would be within a 15 % error margin, as compared to the real WVTR
with the slope taken at ca. 40 % of the initial conductance.
Table 3.1 reviews design variations found in literature. Obviously, the term electrical calcium test
does not describe a unique and well-defined setup. The sample design which Pätzold et al. [125] pre-
sented in their first publication is depicted in Figure 3.2.1. This design is characterized by five aspects:
(1) calcium is deposited directly on the barrier, (2) the calcium thickness is 250 nm, (3) a gas volume next
to the calcium allows for the distribution of water, (4) the electrode material is Ag, and (5) the resistance
is measured in 4-wire sense mode. While it is obvious that calcium resistance is measured more precisely
by 4-wire than by 2-wire sense mode, neither the influence of the calcium thickness, the presence of a
gas volume for water distribution, the side onto which calcium is deposited, nor the electrode material
is clear. Concerning the electrode material, for example, Bertrand [6] pointed out that Ag and Au form
alloys with Ca, e.g. CaAg and CaAu [111], which may account for unwanted contact resistances.
Besides the design variations in Table 3.1, some creative modifications of the electrical calcium test
can be found in literature. Reese et al. [135] introduced a witness-line, which is a ring of calcium below
the sealing. A remaining conductance of this witness-line proves that no water has broken into the gas
volume through the sealing. Bertrand and George [7] investigated barriers that themselves were affected
by corrosion, and which consequently did not exhibit a constant WVTR. Hence, they proposed the usage
of sensor-failure time (conductance ≈ 0) instead of a WVTR as a measurement of barrier quality.
However, calcium is not only corroded by water ingress through the barrier itself. The detection limit
of electrical calcium tests with a cavity actually depends on the quality of the perimeter sealing. It was
found to be as low as 10−5 g(H2O) ·m−2 ·d−1 at 20 °C and 60 % rh [22].
Since calcium is a single-use, low-cost sensor, and because electrical switching between samples is
a simple task which can be easily automated, the most important benefit of electrical calcium corrosion
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tests is their ability to be massively parallelized – ideal for the long-lasting experiments required to
evaluate water permeation. Furthermore, calcium corrosion tests in general have the benefit of being
device-like in shape and degradation behavior, i.e. they represent the only method (besides devices of
course) to investigate thin film encapsulations as well as entire encapsulation systems (including two-
side encapsulation and a perimeter sealing). Note that the term low-cost refers to calcium as the sensor
material, not to the equipment (evaporation chamber and glovebox). Hence, the cost-benefit of calcium
corrosion tests occurs long-term.
3.2.9 Visualization of Defects
As described in Section 2.5.3, permeation through inorganic thin films is dominated by defects. Per-
meation measurement techniques – except for some optical calcium corrosion tests – do not provide
information about the spatial distribution, size, or the shape of defects. While this information is not
required to define a WVTR, it allows one to understand and optimize high-performance barriers. Fur-
thermore for some products, information on single defects, not only on the integral WVTR, is actually
required. For example, OLED-displays cannot tolerate large defects. The following sections present
techniques developed to render single defects visible.
3.2.9.1 Plasma-Etching of the Polymer Substrate
Da Silva Sobrinho et al. [30, 31] investigated barriers of SiO2 and Si3N4, deposited by plasma-enhanced
chemical vapor deposition (PECVD), on a 13 µm thick PET substrate. To correlate oxygen- and water
vapor transmission rates with the defect density, they exposed their samples to oxygen plasma. The
barrier layer is not affected by the plasma. However, at defect sites, the polymer below the barrier was
under-etched by the plasma, creating a larger structure around a defect made visible by light microscopy.
They further determined the defect sizes from the different etching speeds. While no lower detection
limit of the detectable defect diameter was reported, the only obvious limit is provided by the pore size
through which oxygen passes – roughly 1 nm [140]. Investigating their PECVD-processed SiO2-barriers
using this plasma-etching technique, da Silva Sobrinho et al. [30] found a ”Gaussian“ shape distribution
of defect density vs. defect diameter, having its maximum around 0.6 µm.
3.2.9.2 Fluorescent Tags
Using fluorescent tags, Zhang et al. [180] revealed defects in a 25 nm thick Al2O3-layer grown with
atomic layer deposition on a PEN-substrate. The sample was dipped into a solution containing molecules
with a fluorescent- and a hydrophobic moiety. Due to their hydrophobic moiety, the molecules stuck to
the PEN substrate but not to the alumina-barrier film. When excited by a laser, their fluorescent moiety
became visible under a light microscope. Cracks having widths as narrow as 20 nm, as well as individual
defects with diameters as small as 200 nm, could be seen with this method.
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3.2.9.3 Electrodeposition into Defects
Zhang et al. [179], and later Abdulagatov et al. [1], investigated defects in Al2O3-layers grown with
atomic layer deposition on metal surfaces using a new technique: To render the defects visible, they
electrodeposited copper into the defects. After filling up the defects, the copper formed large bumps
above the barrier. These bumps were counted under a light microscope. While the authors gave no lower
defect size detection limit, the minimum defect diameter possible for detection should be at maximum
20 nm, according to the growth of nano-wires in an alumina-matrix [40].
3.2.9.4 The Optical Calcium Corrosion Test
Nisato et al. [119] and Kumar et al. [93] investigated single-layer inorganic barrier layers on polymer
substrates. They evaporated calcium and an additional metal film directly onto the barrier under test and
covered it with an impermeable glass substrate. In the reflectance mode, corroded calcium (Ca(OH)2)
surrounding the defects became visible from the polymer side due to its optical contrast to the metallic
calcium. The number and growth rate of these corroded calcium spots were evaluated. A sketch of the
design is depicted in Figure 3.2.1. Note that, for this method, defects are investigated with respect to
their rate of water permeation.
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The focus of this work is on the evaluation of permeation barriers by a variety of techniques.
This chapter describes the sample preparation preceding the evaluation of barriers. The
description of the individual steps follows their sequence in the real process line: A presen-
tation of the as-delivered substrates is followed by a discussion of their handling – including
cutting, cleaning, and the transfer to inert atmosphere. Thereupon, the deposition of met-
als and organic materials, i.e. calcium tests and organic devices, by thermal evaporation
is presented. Besides thermal evaporation, own barriers were fabricated via atomic layer
deposition (ALD) and – among other techniques described in the following chapters – in-
vestigated by the electrodeposition of copper into their defects. A presentation of the latter
two methods brings the experimental chapter to a close.
4.1 Description of the As-Delivered Substrates
Two kinds of glass substrates were used: Bare glass substrates (Borofloat 33, Schott) and ITO-coated
glass substrates (glass: Eagle XG, Corning; ITO: 90 nm, 25Ω ·−1, Thin Film Devices Inc.). The initial
size of all glass substrates was 150x150 mm2 with a thickness of 1.1 mm.
The bare polymer foils without barriers had planarised surfaces: Polyethylene terephthalate (PET,
planarised Melinex HCSTX1, 175 µm, DuPont Teijin Films) and polyethylene naphthalate (PEN, pla-
narised Teonex PQA5M, 125 µm, DuPont Teijin Films). The PEN substrates were delivered with release
liners on both sides protecting them against dust and scratches.
ZTO barrier foils (ZTO: zinc tin oxide) consist of a PET foil (Melinex 400 CW, 75 µm, DuPont
Teijin Films) covered by ZTO via magnetron sputtering [41, 43–45]. For this work, the ZTO barrier
had a thickness of 144 nm. The ZTO barriers were processed and provided by the Fraunhofer FEP. The
POLO barrier is a ZTO multilayer barrier also produced in a roll-to-roll process: PET foil / 180 nm ZTO
/ 0.8 µm ORMOCER / 180 nm ZTO / 0.8 µm ORMOCER. ORMOCERs are organic-inorganic hybrid
polymers [61] which were applied as a liquid lacquer – initially consisting of 80 % water – and dried
for 1 min at 120 °C. The top ORMOCER layer protects the barrier stack underneath against abrasion
and scratches. As the ZTO and the lacquer were processed in different institutes (Fraunhofer FEP and
Fraunhofer IVV), there were transport steps in between. The POLO barrier batch used in the present work
was FEP038-IVV276-FEP039-IVV278. ZTO and POLO barriers were provided as single A4-sheets.
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4.2 Treatment of Substrates
4.2.1 Cutting
For the experiments presented in this work, the final sample size was always 25x25 mm2. The samples
were usually cut prior to the evaporation process: Glass substrates were cut along straight lines by a glass
cutter movable along a guiding rod. Polymer substrates with barriers on top (ZTO and POLO barriers)
as well as the planarised PET foils were cut into single samples with a CO2-laser (20 W; parameters:
100 % power, 200 mm · s−1 speed; ACI Laser GmbH). For laser cutting, the substrates were placed on
an aluminum sheet. In the case of barrier foils, the barrier faced the aluminum to prevent it from a
massive contamination with particles produces during laser cutting. For barrier foils, a high particle
contamination might simply cause insufficient adhesion of the back-encapsulation, but is not critical for
the calcium test itself. In contrast, polymers meant for barrier deposition (planarised PET) had to be
cleaned after the laser processing as the particle contamination would have strongly reduced the quality
of the barrier. The planarised PEN substrates were cut by scissors as their release liners were found to
stick to the PEN substrates after being melted by the laser beam.
For barrier evaluations of the same barrier at a multitude of climate conditions, the polymer substrates
were usually cut to a size of 150x150 mm2 prior to the calcium deposition. In those cases, the final laser
cutting to single samples was conducted with the cavity glasses already glued to the back side of the
samples.
4.2.2 Cleaning
Due to the cutting, the glass substrates as well as the planarised PET substrates were contaminated with
particles which had to be removed prior to the deposition of any barrier. During the cleaning procedure,
the samples were stored in a sample holder. The same cleaning procedure was used for both kinds of
substrates – even the PET substrates survived it without obvious damage:
1. Cleaning with NMP (N-Methyl-2-pyrrolidone) in ultrasonic bath (20 min)
2. Rinse with deionized water (5 min)
3. Cleaning with deionized water in ultrasonic bath (10 min)
4. Cleaning with ethanol (high purity) in ultrasonic bath (10 min)
5. Rinse with deionized water in spin-rinser
6. Dry by spinning in spin-rinser
While particles were removed by cleaning, it was nearly impossible to prevent the PET surface from
scratches. Therefore, the planarised PEN substrates delivered with release liners were preferentially
used for the ALD experiments; those release liners were removed directly before the deposition and
right in the clean-room without any need for further cleaning.
48
4.3 Deposition of Calcium Tests and Devices by Thermal Evaporation
4.2.3 Shift to Inert Atmosphere  Degassing, Storage, and Transport
Calcium is highly sensitive against moisture – an experience reproduced several times over the course
of this work. In ambient air, all bulk polymer parts – foil substrates, transport boxes, o-rings, sample
holders, sample storage containers – soak up sufficient moisture to easily degrade several nanometer
thin calcium films in their adjacency. Hence, all of those polymer parts were carefully degassed in
the nitrogen glovebox prior to being brought together with calcium: Foils were usually annealed on a
hotplate at 60–80 °C over a weekend, o-rings and sample holders were annealed at 100 °C over one night,
and any containers for sample storage were left in the glovebox for at least one month prior to being used.
In general, long storage times were avoided.
For transport of degassed or calcium containing samples from one glovebox to another, the samples
were put into a sample holder (A66-0603, Basan GmbH) which then was placed inside a steel tube having
KF50-flanges on both sides. The tube was closed with blind flanges (and degassed o-rings) . Directly
after a transport, the samples were removed from the steel tube2 and further stored in the sample holder.
4.3 Deposition of Calcium Tests and Devices by Thermal
Evaporation
4.3.1 Thermal Evaporation
All organic and metallic thin films used in this work were deposited by thermal evaporation in vacuum:
Ceramic crucibles at the bottom of the vacuum chamber contain the organic or metallic materials while
the substrate the materials shall be deposited on is placed at the top of the chamber. When a crucible is
heated (usual temperatures: 100–350 °C for organic materials and 500–1100 °C for Ca, Al, and Ag), the
material evaporates and leaves the crucible as a cone shaped flux of molecules or atoms. Those particles
condensate on every surface held into the cone. For each crucible, the deposition rate is measured with an
individual quartz crystal microbalance (QCM) and – via a conversion factor determined before (tooling)
– used to determine the corresponding deposition rate on the substrate. In order to deposit material in a
well defined shape, shadow masks made of stainless steel are introduced directly in front of the substrate;
they can be exchanged without opening the chamber. Until the desired deposition rate is reached (usual
deposition rates on the substrate: 0.1–0.4 Å·s−1 for organic materials and 1–3 Å·s−1 for Ca, Al, and Ag)
and after the final height has been deposited, a shutter between crucible and substrate blocks the flux
of particles. The pressure in the vacuum chamber is < 10−8 mbar and increases during deposition to <
10−7 mbar for organic materials and < 10−6 mbar for metals.
2To evaluate the moisture exposure during transport, an electrical calcium test was conducted inside the small cavity provided
by two KF50 blind flanges separated by a degassed o-ring – one of the flanges had four conductor tubes sealed with vacuum
sealing glue for contacting the calcium. The breakthrough of moisture going along with a fast degradation of the whole
calcium layer was observed after approximately 150 h in ambient air.
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The number of layers and their individual height is arbitrary. As a special feature, the co-evaporation
of materials from two crucibles in parallel with individually adjusted rates, e.g. in order to obtain a bulk
heterojunction, is also possible. A glovebox attached to the vacuum chamber allows to keep the samples
in nitrogen over the whole course of preparation, deposition, and back-encapsulation.
4.3.2 Details of the Evaporation Chambers
Two evaporation chambers were used: The small chamber (EVAP250, Creaphys GmbH) for one sample
at once was operated by myself and used for the experiments described in the Sections 5.1 and 5.2.
However, the vast majority of the depositions was performed in the large chamber (2007 SuperSpectros
39501 (TUR093), Kurt J. Lesker) operated and maintained by technicians. It allows to process a whole
150x150 mm2 wafer or up to 36 single samples. Thereby, the substrate rotates continuously in order
to obtain a homogeneous layer thickness. The absolute thickness error is ±22 % consisting of ±5 %
inhomogeneity over the sample, ±3 % error of the quartz microbalance, ±10 % error due to tooling
(estimated since systematical investigations are missing), and ±4 % error of the stylus profilometer used
for the tooling. A wedge can be introduced to shadow rows or columns of the 6x6 samples in order to
obtain design variations between the samples of one deposition run. Since foils of all sizes tend to bend
or fall off the holder during evaporation, they were fixed with glass substrates at their back.
4.3.3 Device Stacks
x
y
top electrode
ITO
ITO bottom electrodes (metal enforced)
organic
layers
devices
glue rim
Figure 4.3.1: The illustration shows the
usual layout for devices. Four single pixels
are defined by the overlap of ITO (bottom
electrode) and aluminum top electrode.
The usual layout for organic devices is illustrated in Figure
4.3.1: The overlap between the four indium-tin-oxide (ITO)
bottom electrodes and the aluminum top electrode defines the
size of the four single devices present on one substrate. A short
circuit between the two electrodes is prevented by the organic
layers which are larger in size than the top electrode.
In this work, one stack design for OLEDs and one stack
design for OSCs was used. Both of them were chosen due
to their long intrinsic lifetime. The OLED stack design
used in this work was described in [110] with an intrin-
sic lifetime of well above 107 h at ambient conditions. The
stack consists of ITO as bottom electrode, a 60 nm thick
hole-transporting layer of MeO-TPD (N,N,N’,N’-tetrakis(4-
methoxyphenyl)-benzidine) p-doped with 4 wt% F6TCNNQ
(2,2’-(perfluoronaphthalene-2,6-diylidene)dimalononitrile), a 10 nm thick electron blocking layer of α-
NPD (N,N’-Di(naphthalen-1-yl)-N,N’-diphenyl-benzidine), a 20 nm thick emitter layer consisting of
α-NPD with 10 wt% of the red emitter molecule Ir(MDQ)2(acac) (iridium(III)bis(2-methyldibenzo-
[f,h]chinoxalin)(acetylacetonat)) followed by a 10 nm thick hole blocking layer of BAlq2 (aluminum
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(III) bis(2-methyl-8-quninolinato)-4-phenylphenolate), a 60 nm thick electron transport layer of BPhen
(bathophenanthroline; 4,7-diphenyl-1,10-phenanthroline) and Cs in the ration 1:1, and, finally, the
100 nm thick aluminum top electrode.
For the OSC stack used in this work, a lifetime of 2000 h at 45 °C and ambient humidity was recently
reported by Hermenau et al. [73]. However, in the cited work, the OSC was encapsulated with a cavity
glass which had no additional getter material in it, i.e. water ingress through the glue attacked the de-
vice. Hence, the real intrinsic lifetime should exceed those 2000 h. The stack consists of ITO as bottom
electrode, a hole-transporting layer of BF-DPB (N,N’-((Diphenyl-N,N’-bis)9,9,-dimethyl-fluoren-2-yl)-
benzidine) p-doped with fluorinated C60 (C60F36, [109]), an intrinsic layer of 5 nm ZnPc (zinc phthalo-
cyanine), a 30 nm thick bulk hetero-junction of ZnPc and C60 in a 1:1 weight ratio, additional 30 nm C60,
and 6 nm BPhen prior to the 100 nm thick aluminum top electrode.
4.3.4 Back-Encapsulation
After evaporation, the samples which needed back-encapsulation were transferred to another glovebox
containing a UV-lamp as well as a dispenser for the glue (XNR 5590, Nagase Chemtex Corporation).
To back-encapsulate a sample with a cavity glass, glue was either automatically applied to the glass
substrate or, in the case of a foil substrate, manually applied to the rims of the cavity glass which then
was pressed onto the sample. The positioning of the cavity glass was less precise for foil samples than
for glass samples, i.e. there were sometimes small overlaps between the cavity glass rim and the calcium
layer on the barrier foil. During the UV-curing, an additional mask protected the layers in the center of
the glue rim from UV-exposure, which is only relevant in the case of organic layers. Note that the glue
was stored in the glovebox but had never been degassed after being brought into this glovebox from air,
i.e. it may contain residual water.
4.4 Permeation Barriers by Atomic Layer Deposition
The device for atomic layer deposition (TFS 500, Beneq) itself is placed in the clean-room class 10000
area of the Institute of Semiconductors and Microsystems (IHM, TU Dresden). However, the corre-
sponding glovebox attached to it is in the adjacent clean room class 100 area. From the glovebox,
substrates can be loaded into and removed from the ALD device without air contact. Hence, for sen-
sitive calcium tests or devices, the whole procedure from the thermal deposition of the layers (calcium
or device), the transport to the IHM, the thin film encapsulation in an ALD process, and the return to
the IAPP is possible in inert nitrogen atmosphere. Foil samples with ALD barriers were usually also
transported and stored in nitrogen. The ALD layers presented in this work were all Al2O3 produced with
TMA (trimethylaluminium, semiconductor grade, Air Products GmbH) and ozone (from 99.9995 % pure
oxygen with ozone generator OP-250P-T1, TMEIC) as precursors. The nitrogen cross-flow through the
hot wall reactor was 300 cm3 ·min−1 (standard conditions).
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4.5 Defect Evaluation by Electrodeposition
As described in Section 3.2.9.3, electrodeposition can be used to render defects in a thin film barrier vis-
ible. For the evaluation of ALD layers presented in Section 7.3.3.1, planarised PEN substrates and glass
substrates were covered with a 100 nm thick layer of copper by thermal evaporation and encapsulated
with Al2O3 (ALD) of different thicknesses. For 15 min, those samples were held into a copper sulfate
bath (CUBRAC 600, Coventya GmbH) while a voltage was applied between them (sample = cathode,
ca. 5 cm2) and the anode (copper phosphorus alloy, ca. 5 cm2) placed in a distance of ca. 4 cm from
the sample. The voltage was adjusted to -0.3 V between the cathode (sample) and a reference electrode
(Ag/AgCl, Sensortechnik Meinsberg GmbH). Using a Haber-Luggin capillary, the reference electrode
was brought close to the surface of the cathode. Due to the applied voltage, copper grew selectively in
the holes (defects) left by the ALD layer and, over time in the bath, formed large bumps around these de-
fects. Afterwards, images of the samples were taken (PowerShot G9, Canon) allowing to identify copper
bumps of at least 30 µm diameter.
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5 Calcium for Permeation Tests  Properties
and Corrosion Behavior
In order to use calcium as a water sensor, three different properties of the calcium thin
films, which functioned as sensor material, were investigated: the electrical conductance
((6.2± 0.1) · 10−6 Ω · cm), the optical absorption coefficient (0.05 nm−1), and the number
of water molecules corroding one calcium atom (n=2). A large part of this chapter deals
with the corrosion behavior of such calcium thin films. Contrary to the usual assumption,
calcium corrosion was found to be laterally inhomogeneous. Finally, the results obtained by
investigating various calcium properties and by analyzing the corrosion behavior of calcium
thin films are discussed with regard to their use for optical and electrical calcium corrosion
tests. Several text passages regarding the investigation on corrosion behavior have already
been published and are reprinted with permission from [90] (Copyright 2013, Elsevier B.
V.); the same accounts for the investigation of the corrosion product in [92] (Copyright
2013, Society of Vacuum Coaters).
5.1 Electrical Conductance and Optical Transmission
The optical absorption coefficient and the electrical resistivity of calcium are required to evaluate cal-
cium corrosion tests. Calcium thin film properties may differ from those of its bulk counterpart due to
thin film effects, the thin film micro-structure, or impurities incorporated during the deposition process.
For example, the bulk resistivity of calcium at 25 °C is 3.42 ·10−6 Ω · cm [102] while for thermally evap-
orated thin films, (8.95±0.78) ·10−6 Ω · cm were reported [125]. A value as high as 1.34 ·10−4 Ω · cm
was measured for a sputtered calcium thin film containing 20 at.% oxygen [7]. In this work, calcium was
thermally evaporated as described in Section 4.3. This section is thus succinctly described as follows:
To obtain the resistivity value, different thicknesses of calcium were deposited and their conductance
measured. The percolation point and the optical absorption coefficient were extracted via an in-situ mea-
surement of the transmission and calcium resistance throughout the evaporation process. This in-situ
measurement was performed within the work of Robert Meissner, whom I had the pleasure of supervis-
ing during his internship at the institute.
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To measure the resistivity, calcium with a thickness between 60 and 500 nm was deposited by thermal
evaporation onto ZTO-coated PET. The first current values measured after the sample preparation at a
voltage of 20 mV are shown in Figure 5.1.1. From the slope of the depicted curve as well as the geometry
of the calcium layer, a resistivity of (6.2±0.1) ·10−6 Ω · cm was extracted, being well within the values
for calcium thin film resistivity and calcium bulk resistivity as reported in literature. Initial current
deviations for the same nominal thickness are caused by an inhomogeneous deposition rate over the
substrate. However, due to the large range of thickness, the impact of these initial current deviations on
the resistivity is negligible.
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Figure 5.1.1: The initial current through rectangles of 11x4 mm2 of thermally evaporated calcium is depicted.
While the thickness was varied between 60 and 500 nm, the voltage remained constant at 20 mV. The sample
layout used is shown in the inset. The resulting resistivity was 6.2 ·10−6 Ω · cm.
To measure the optical absorption coefficient and the thickness at which calcium forms a closed layer,
the optical transmission and the calcium resistance were measured in-situ during its evaporation process
(see Fig. 5.1.2). This in-situ experiment was performed in the ESK evaporation chamber used for
single evaporation experiments. Calcium was evaporated at a rate of 0.3 Å·s−1 onto the front side of
a glass substrate. Aluminum electrodes deposited prior to the experiment were used for the resistance
measurement. The evaporating, glowing crucible was also used as a light source for the measurement
of the optical transmission: A photodiode on the back side of the glass substrate measured the light
intensity from the crucible through the sample while another photodiode monitored the baseline via the
light reflected from the walls of the evaporation chamber (see [118] for a precise description). Optical
as well as electrical data indicate a closed layer at roughly 13 nm calcium thickness (as shown in Fig.
5.1.2). Starting at 13.3 nm, the optical curve follows the Lambert-Beer law with an absorption coefficient
of 0.05 nm−1. At calcium thicknesses of 47.6 nm and 91.3 nm, the optical transmission reached 10 %
and 1 %, respectively. As the transmission is actually wavelength dependent (see inset in Fig. 5.1.2),
the absorption coefficient will, to a small extent, depend on the light source used for the optical calcium
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corrosion test. With the first 6 nm of calcium evaporated, the electrical resistance is still 2 · 106 Ω ·−1
while further 7 nm of evaporated calcium close the layer, reducing the resistance to 20Ω ·−1.
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Figure 5.1.2: Optical transmission and electrical sheet resistance of a calcium layer is shown over the course
of its deposition via thermal evaporation. The deposition rate was 0.3 Å·s−1 Above the value of 13.3 nm, the
calcium behaves as a closed layer, i.e. is well conductive and the light transmission decreases exponentially
with its thickness (Lambert-Beer law). The transmission falls below 1 % at 91.3 nm of calcium thickness. The
inset shows the wavelength-dependent transmission through a 60 nm thick calcium layer, measured using a
MPC 3100 two beam spectrometer (Shimadzu, Kyoto, Japan).
From the two experiments presented in this section, the resistivity ((6.2±0.1) ·10−6 Ω · cm) and the op-
tical absorption coefficient (0.05 nm−1) of a thin thermally evaporated calcium layer could be obtained.
In addition, the in-situ experiment provides a recommendation for an appropriate range of calcium thick-
ness. Since optical and electrical calcium corrosion tests require a closed and homogeneous calcium
layer, they should use a calcium thickness of at least 13 nm – a slightly higher amount would be even
better. To obtain enough light transmission, the calcium thickness for optical tests should not exceed
90 nm. While there is basically no upper limit for the electrical test, it is reasonable to stay below 1 µm
of calcium thickness since (i) the evaporation process is time-consuming, (ii) a thicker calcium layer, i.e.
a large baseline, leads to a lack of sensitivity for the minute changes caused by corrosion, and (iii) tem-
perature variations affect the conductance of the entire calcium layer (ca. 0.1 % ·K−1). Regarding thick
layers, temperature variations can dominate over the loss of conductance caused by corrosion: For a 1 µm
thick calcium layer, temperature deviations of 1 K cause virtual thickness deviations of 1 nm. Hence for
excellent barriers and thick calcium layers, a temperature drift could be misinterpreted as corrosion.
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5.2 Corrosion Product
Since calcium is used as a sensor for water, clarification is needed as to, whether it reacts to CaO or
to Ca(OH)2, i.e. whether the observed reaction of calcium is related to the uptake of one or two water
molecules per calcium atom (see Sec. 3.2.8). To investigate the reaction product, different thicknesses
of calcium (32.6 and 66.7 nm) were evaporated onto a quartz crystal microbalance (QCM) in the ESK
vacuum chamber. After the evaporation process and the disconnection of the calcium crucible from the
chamber using a valve, the chamber was first flooded with nitrogen and then opened to ambient atmo-
sphere by removing a large flange (CF-flange DN100). While the increased base pressure immediately
led to a virtually increased mass on the QCM, the slower mass increase caused by the corrosion of cal-
cium (i.e. the uptake of water) was clearly visible (see Fig. 5.2.1). When the QCM showed no further
changes, the chamber was closed and re-evacuated. After again reaching a constant level at the QCM,
i.e. after desorption of gas molecules, the net mass increase due to corrosion was determined.
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Figure 5.2.1: The mass increase on a calcium-covered QCM due to air exposure, i.e. calcium corrosion, is
shown over time. The timeline of the experiment is depicted at the bottom. The situation in the evaporation
chamber is illustrated prior to (left) and after (right) air exposure.
The mass increase for both calcium (M = 40.08 g ·mol−1, [102]) thicknesses was slightly above the level
expected for a reaction to Ca(OH)2 (M = 74.09 g ·mol−1, [102]): 9.10 g · cm−2 mass increase were mea-
sured for 66.7 nm Ca (expected: 8.8 g · cm−2) and 4.76 g · cm−2 were measured for 32.6 nm Ca (expected:
4.3 g · cm−2). However, for a reaction leading to CaO (M = 56.08 g ·mol−1, [102]), the mass increase
would have been less than half of the measured values. Hence, the reaction product is clearly Ca(OH)2;
probably with traces of the heavier CaCO3 or other byproducts. Interestingly, the reaction requires more
than 15 min for both thicknesses and the reaction rate is not constant over time. Consequently, an instan-
taneous reaction of calcium with all water hitting its surface is an assumption in calcium corrosion tests
which is not to be upheld. A comparable result was recently published by Higgs et al. [74]. Presumably,
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for ultra-high barriers, the reaction kinetics of the calcium are negligible compared to the permeation
speed. Thus, reaction kinetics are not expected to influence ultra-high barrier measurements. However,
for low barriers, the kinetics set an upper sensitivity-limit for calcium corrosion tests.
5.3 Laterally Inhomogeneous Calcium Corrosion
Electrical and optical calcium corrosion tests do not directly monitor the corrosion of calcium, but instead
monitor the effects of this corrosion on the conductance or the optical transmission of a calcium layer.
Thereby, the conductance is an integral value pertaining to the whole layer, while the optical transmission
is often obtained by a CCD-camera allowing a resolution within or even below (via a microscope) the µm-
scale. While every imaginable corrosion pattern of a partially corroded calcium film results in unique
conductance and optical transmission data, the mapping is not unique in the opposite direction. As a
consequence, when relating conductance or optical transmission data to the amount of remaining metallic
calcium, a model making this relation unique is required. Typically, this model is the lateral homogeneity
of corrosion, i.e. the remaining metallic calcium film has a constant thickness over the whole layer during
the course of the corrosion process. This homogeneous model is justified by a homogeneous distribution
of the oxidant (water vapor) over the sample. This justification sounds conclusive, but does not have to
be true: For copper and iron, the corrosion was found to start at separated corrosion nuclei on the surface
which grow in size, but not in number [95, 138]. Rhead [138] attributed this to Ostwald ripening, i.e. new
nuclei cannot form because larger corrosion nuclei withdraw oxidant molecules from the surrounding
surface and keep the level of oxidants around them below the threshold required to form new corrosion
nuclei. For bulk calcium of 130 µm thickness, Nissen [120] reported a homogeneously growing oxide
layer together with separated corrosion sites growing in number but not in size.
In this section, laterally inhomogeneous corrosion of calcium thin films is shown for a homogeneous
distribution of the oxidant over the calcium. The consequences for calcium corrosion tests are discussed
in the following section.
Calcium (60 and 1000 nm thick) as well as aluminum electrodes were evaporated onto glass sub-
strates. The electrodes were enforced with conductive silver to avoid series resistances over the elec-
trodes. Within the glovebox, the samples were installed in a specially designed gas cell (AIST-NT, see
Fig. 5.3.1) and after transport in nitrogen mounted onto an inverted microscope (AIST-NT, CombiScope
1000). The gas cell was purged with nitrogen. This cell includes an AFM-tip, electrical feedthroughs,
a window at its top as well as an o-ring sealing at its bottom. With the sample installed, the gas cell is
fully sealed against ambient atmosphere. Hence, water ingress into the gas cell is limited to permeation
through the flexible membrane. The distribution of water vapor inside the cell is assumed to be homoge-
neous, since the membrane covers nearly the whole cell and since the purging should also swirl the gas
around. Concisely speaking, the calcium layers were exposed to a homogeneous, corrosive atmosphere
containing small traces of water vapor during their investigation with respect to optical transmission
(optical calcium test), conductance (electrical calcium test), and topography (AFM).
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Figure 5.3.1: (a) Schematic drawing of the experimental setup. The calcium sample was placed in a gas cell
purged with nitrogen, maintaining a very low partial pressure of water vapor due to leakage. The corrosion
of the calcium layer was observed by three methods simultaneously: The transmission through the sample
(optical test) was determined using a CCD-camera and the resistance (electrical test) via electrodes in 4-wire-
sensing mode. The topography was measured in-situ via AFM (topography test). (b) and (c) show photos of
the gas cell in a closed and opened state, respectively. A: AFM-cantilever. B: Spring contacts and electrical
feedthroughs. C: Inlets and outlets for purging. D: Glass window on top and a hole sealed by the transparent
sample at the bottom. E: Flexible latex membrane. (Reprinted with permission from [90]. Copyright 2013,
AIP Publishing LCC.)
5.3.1 Inhomogeneous Surface Reactions Monitored by AFM
In a first experiment, we performed AFM-scans of a 60 nm calcium layer placed in the gas cell: On the
micrometer-scale, the calcium corrodes in a laterally inhomogeneous way since areas of two different
surface heights can be distinguished: Raised, granular plateaus growing over time and a smooth, lower
base plane (Fig. 5.3.1). The height of those plateaus compared to the base plane is roughly constant over
the whole sample (from histogram data in Fig. 5.3.1-a: 20 nm, Fig. 5.3.1-b: 16 nm). Note that due to the
large scan range, the base plane varies in height by up to 10 nm.
Since calcium hydroxide occupies a larger volume than calcium, the higher features can be attributed
to the reacted species, further backed by the lateral growth of the raised plateaus over time. Subtracting
the raw data of an AFM topography image from the raw data of a subsequent one and defining the lowest
point to be zero, a difference image, showing the relative growth behavior, is generated (see Fig. 5.3.1-
c). The bright fringes around the plateaus (Fig. 5.3.1-c) present the lateral growth during a 1 h period.
Obviously, the plateaus do not grow further in height, indicating that the reaction stops at some point.
Since the reaction is not self-limiting, as proven by the through reaction of much thicker layers, the
plateau growth is expected to stop at the height at which all metallic calcium is consumed.
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The height difference between the base plane
and the plateaus – extracted from the correspond-
ing histogram peaks – is 16–20 nm. Using bulk
density values, the reaction of a 60 nm calcium
layer to Ca(OH)2 would lead to an estimated in-
crease of the layer thickness by 16.3 nm. On
the contrary, a reaction to CaO would reduce
the height by 20.2 nm due to the high density
of CaO. This supports the assumption that the
plateau consists of Ca(OH)2 straight down to the
bottom of the layer.
A closer look at the measurement reveals that
the height of the plateaus over the base plane de-
creased by 4 nm (Fig. 5.3.1-c) in the given data
set. This decrease is obvious but small and can
be interpreted as the formation of a homogeneous
corroded layer in addition to the inhomogeneous
corrosion. As seen in Figure 5.3.1-c, the fraction
of inhomogeneous corrosion in this particular
measurement can estimated to be roughly 80 %:
a volume increase by lateral plateau growth (ca.
18 nm on 35 % of whole area) compared to the
homogeneous volume increase on the base plane
(4 nm on 23 % of whole area).
At the same calcium layer, but prior to the
images of Figure 5.3.1, the images in Figure
5.3.3 had been taken. They show the same
plateau after 2.5 and 2.7 h in high resolution. The
plateau consists of single grains with diameters
of ca. 120 nm each. Between the two measure-
ments, the overall plateau grew at its edges, i.e.
new grains appeared, but the plateau itself retains
its shape, since the same elevated grains can be
identified in both measurements.
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Figure 5.3.2: First experiment: The corrosion of a 60 nm calcium layer in the gas cell was observed with the
AFM. (a, b) depicts the calcium layer after 3.5 and 4.5 hours, respectively. Growing plateaus and a smooth
base plane can be distinguished. (c) shows the height difference between both scans. The histogram of the
height differences is shown at the bottom. Peak (3) belongs to the new plateau area grown between both scans
(bright fringes), peak (2) to the slightly elevated base plane; its shoulder (1) to the almost unchanged, former
plateaus. (Reprinted with permission from [90]. Copyright 2013, AIP Publishing LCC.)
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Figure 5.3.3: High resolution topography images of the same plateau area of a 60 nm thick calcium layer
during corrosion. The grain size is roughly 120 nm. The grains from (a) can be identified in (b) as well.
However, the plateau grew between images (a) and (b), as is visible by additional grains at the plateau edges.
5.3.2 Corrosion of a 60 nm Calcium Layer as Observed by Three Methods
Simultaneously
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Figure 5.3.4: The corrosion of the 60 nm calcium layer
was observed with three different methods simultane-
ously. The optical data was evaluated using a linear
dependency and Lambert-Beer law from integral trans-
mission values, respectively. The initial drop in the to-
pography curve results from the formation of corrosion
nuclei at the surface. WVTRs are denoted. The esti-
mated amount of remaining calcium and the estimated
lag time highly depend on the used method. (Adapted
with permission from [90]. Copyright 2013, AIP Pub-
lishing LCC.)
The corrosion of a 60 nm calcium layer was
observed in the gas cell optically, electri-
cally, and via AFM simultaneously for the
same indiviudal sample. The results of
this experiment are shown in Figure 5.3.4;
Table 5.1 lists the corresponding data. The
optical images (see supplement of [90])
were evaluated with a linear dependency
between transmission vs. residual calcium
and Lambert-Beer law, respectively. An ini-
tial drop in the equivalent calcium height of
25 % was observed for the AFM topogra-
phy curve while the other methods exhib-
ited only slight changes. The probable rea-
son is simply that the topography curve is
more sensitive to corrosion nuclei formed at
the surface. While the WVTRs, determined
by the signal slopes, are comparable (with
exception of the Lambert-Beer result) the
estimated amount of residual calcium and
the estimated lag time highly depend on the
method used. The linear regime of each curve, as well as the range for the linear fits, were manually
chosen. A variation of this range leads to different WVTRs and lag times. Table 5.1 lists the value range
originating from different choices of this fit range.
To obtain the topography data (= the surface-fraction occupied by plateaus), the same area was
scanned continuously, resulting in six consecutive scanned images without a break in between (see
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Fig. 5.3.5 and supplement of [90]). From
each 100 lines, equivalent to a time interval
of 2.6 min, the mean ratio of base plane to
plateau was recorded as the normalized resid-
ual calcium value at the median time of each
100 lines. This assignment is based on the
assumption that under a plateau everything is
corroded, and that on the base plane no cal-
cium is corroded. Two significant changes in
topography were observed: The first is the ap-
pearance of peaks (see Fig. 5.3.5-a) leading
to a steep drop in the topography curve within
the first 15 min (Fig. 5.3.4) and, second, the
growth of the islands until they coincide and
cover the whole area shortly thereafter (Fig.
5.3.5-b); corresponding to the final drop in the
topography curve (Fig. 5.3.4). As discussed
in the supplement of [90], the initial drop does
not simply originate from residual water at the
tip.
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Figure 5.3.5: 1st and 4th AFM-scan of the same area on the 60 nm calcium layer during the corrosion process,
showing the evolution of surface features during the time interval noted on the left. (a) Formation of corrosion
nuclei. (b) Isolated islands grow, coincide, and cover the whole surface shortly thereafter. Three nuclei
are marked in both scans as a visual guide. (Reprinted with permission from [90]. Copyright 2013, AIP
Publishing LCC.)
Method WVTR (g(H2O) ·m−2 ·d−1) Lag Time (min)
Electrical 4.4–4.7 18.5–19.5
Topography 3.7–5.1 25.9–32.1
Optical – linear approach 4.6–5.2 31.1–33.3
Optical – Lambert-Beer approach 3.2–3.4 (±4 %) 17.2–18.5
Table 5.1: This table relates to the data presented in Fig. 5.3.4. The corrosion of a single calcium layer was
monitored using different calcium test methods simultaneously. The corresponding WVTRs and lag times are
given. Minimum and maximum values were obtained from different choices of the fit range in the apparent
steady-state regime. A height of 60 nm was assumed to calculate the WVTRs. The relative error of ±4 % for
Lambert-Beer results originate from the errors of the absorption coefficient and the initial height.
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5.3.3 Corrosion of a 1000 nm Calcium Layer as Observed by Three Methods
Simultaneously
To perform electrical calcium tests, calcium layers much thicker than 60 nm are usually employed.
Hence, we repeated the experiment presented in the previous section with a 1000 nm thick calcium layer.
In the first AFM image from a 50x50 µm2 large area, we recognized 28 individual peaks. Observing the
same area via the ocular of the microscope, we found a well comparable number (30±10) of transparent
spots visible in the bulk calcium layer. Thus, the corrosion of the 1000 nm thick calcium layer starts with
a through-corrosion at single spots as well. Plateaus 300± 100 nm in height became visible in further
AFM images. However, this experiment failed in the sense that a comparison of the methods was not
possible: As we recognized via the ocular of the microscope, optical data and topography data (see sup-
plement of [90]) were obtained from areas with significantly different corrosion speeds. Details of the
experiment are presented in the supplement of [90]. Nevertheless, the results from the 1000 nm calcium
layer are consistent with what we found from the 60 nm calcium layer: Calcium corrosion is mainly
laterally inhomogeneous (see Fig. 5.3.6). In the optical images (see Fig. 5.3.6) one can see nearly
or fully corroded macroscopic spots growing in a lateral direction. The area in between also contains
brighter and darker spots indicating inhomogeneities there as well. Furthermore, since even the dark
areas become brighter, the whole calcium layer seems to become thinner over time. This brightening
points to a laterally homogeneous fraction of the corrosion process. Special care was taken during the
cleaning procedure to avoid scratches on the glass substrates. However, a possible influence of scratches
or remaining structures resulting from the cleaning process might be the best explanation for the large,
regularly ordered corrosion stripes which can be seen in Figure 5.3.6.
time: 6 h time: 7 h time: 8 h
50 µm 50 µm 50 µm
(a) (b) (c)
Figure 5.3.6: Optical transmission through a 1000 nm thick calcium film. While the residual calcium height
seems to decrease everywhere over time, one can easily see strong lateral inhomogeneities. Note that the
lamp was driven at full intensity in order to view as much as possible through the remaining thicker calcium
areas. The areas of corroded calcium are therefore in the saturation regime of the CCD-camera. (Reprinted
with permission from [90]. Copyright 2013, AIP Publishing LCC.)
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5.3.4 Inhomogeneous Corrosion of a Glass-Glass Encapsulated 60 nm Calcium
Layer
After aging a glass-glass encapsulated cal-
cium layer for one month at 60 °C in silica-
gel dried air and five months at ambient con-
ditions, the layer exhibited holes in the resid-
ual calcium which were visible with the naked
eye. From the photo (see Fig. 5.3.7), we can
learn that the density of corrosion sites does
not simply depend upon the calcium morphol-
ogy – otherwise it would not differ on the
same sample. While the distribution of resid-
ual calcium in this photo raises new questions
which are beyond the scope of this work, the
photo clearly stresses the relevance of lateral
inhomogeneous calcium corrosion, even on
the macroscopic scale.
Figure 5.3.7: Photo of a 60 nm glass-glass encapsulated calcium film. The cross-section is depicted in the
inset. Inhomogeneous corrosion is visible with the naked eye. Density of corrosion sites differs throughout
the same sample. (Reprinted with permission from [90]. Copyright 2013, AIP Publishing LCC.)
5.3.5 Discussion of Observed Calcium Corrosion Inhomogeneities
Our results clearly prove that the corrosion of thin calcium films is significantly inhomogeneous, con-
tradicting a basic assumption related to optical and electrical calcium tests. Inhomogeneous corrosion
was observed not only for 60 nm thick calcium films, but also for films as thick as 1000 nm. In Figure
5.3.6 and Figure 5.3.7, it is obvious that some areas are nearly or completely corroded from the top to
the bottom of the layer, while other areas still contain a significant amount of calcium. Inhomogeneous
corrosion starts at corrosion nuclei which grow from thereon, as can be observed in Figures 5.3.1, 5.3.6,
and 5.3.7. Since this lateral growth of corrosion nuclei was not observed by Nissen [120] for a 130 µm
thick calcium layer, the lateral growth of those nuclei may depend upon the calcium thickness. The den-
sity of corrosion nuclei is not simply dependent upon the calcium morphology because it differs over the
range of a single calcium layer (see Fig. 5.3.7). Based on the varying nucleation densities which we have
observed in our experiments, we assume that the density of corrosion nuclei increases with the frequency
water or oxygen species reach the calcium surface, i.e. the concentration of water. It is of note that the
strong gradient of corrosion nuclei density observed in Figure 5.3.7 may also be a result of outgassing
from the sealing glue. Nevertheless such a high gradient is an important issue since glues are used in
calcium tests.
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Figure 5.3.8: Illustration of calcium corrosion includ-
ing inhomogeneous corrosion and a small component
of homogeneous corrosion. (Reprinted with permission
from [90]. Copyright 2013, AIP Publishing LCC.)
In our first AFM measurement, we observed
a homogeneous background height increase
(Fig. 5.3.1) accounting for roughly 20%
of the overall corrosion – eventually an ox-
ide layer [120]. We saw indications for ho-
mogeneous corrosion also on the 1000 nm
thick calcium layer (Fig. 5.3.6), but are not
able to quantify the ratio of homogeneous
corrosion to the total corrosion. This ratio
may depend on the calcium thickness and
impingement rate. Figure 5.3.8 illustrates
the model of calcium corrosion we have concluded based on the presented results.
In conclusion, the corrosion of calcium was found to be mostly laterally inhomogeneous on a micro-
scopic scale. Since the most popular techniques to evaluate permeation barriers – the calcium corrosion
tests – mostly rely on a laterally homogeneous corrosion model, the fundamental observation of inho-
mogeneous corrosion is of practical interest: It resolves inconsistencies between different calcium test
methods applied to the same calcium layer and helps to qualitatively understand unexpected corrosion
rates. Fortunately, the presented results also include evidence that even for the case of laterally inhomo-
geneous corrosion, the usual calcium test methods can be used to obtain reliable results.
5.4 Implications for Optical and Electrical Calcium Corrosion
Tests
Since optical as well as electrical calcium corrosion tests require closed calcium films, the lower limit
for the evaporated calcium thicknesses is to be 13 nm for both methods. Upper limits for the calcium
thickness are recommended to be 90 nm (optical) and 1 µm (electrical), since the sensitivity decreases
with increasing thickness. Note that volume expansion and mechanical stress increase with the thickness
of the calcium. While no errors based on mechanical stresses were observed in the experiments of this
section, these consequences should be kept in mind for the layout of calcium tests.
The WVTR-range which can be detected by calcium tests is limited by the kinetics of the reaction with
water vapor: In ambient air and at room temperature, 66.7 nm of calcium were corroded in ca. 20 min
(see Sec. 5.2) corresponding to a WVTR of 7 g(H2O)m−2d−1. Hence, at room temperature, the upper
limit for calcium tests is a WVTR of roughly 1 g(H2O) ·m−2 ·d−1.
Finally, laterally inhomogeneous corrosion has several implications for calcium corrosion tests. The
impact of inhomogeneous corrosion on optical calcium tests is depicted in Figure 5.4.1. For laterally
homogeneous corrosion, a signal evaluation using the Lambert-Beer law returns the correct amount of
remaining metallic calcium. For laterally inhomogeneous corrosion (= spots are either fully or not at all
corroded), assuming a linear dependency between transmission and the amount of remaining calcium
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Figure 5.4.1: Influence of laterally inhomogeneous calcium corrosion on optical calcium tests. (a) Schematic
diagram: Different corrosion patterns with the same amount of remaining metallic calcium (mean Ca-height)
are depicted and both approaches, the Lamber-Beer law (L.-B.) and the linear model, are applied to all pat-
terns. Since the real mean calcium height value is always between the heights calculated by the Lambert-Beer
law and the linear model, optical data define a range which the real mean calcium height must encompass.
(b) Simulation of optical calcium tests applied to a perfect inhomogeneous corrosion pattern. The deviation
between the calcium thickness calculated by linear approach (exact for this case) and the calcium thickness
calculated by the Lambert-Beer law increases with the initial thickness h0 of the calcium layer. (c) Schematic
diagram: The application of the Lambert-Beer law to each single pixel of a high-resolution CCD-camera
instead of applying it to the integral optical density lowers the error caused by laterally inhomogeneous cal-
cium corrosion. ((b): Adapted with permission from [90]. Copyright 2013, AIP Publishing LCC. (a) and (c):
Adapted with permission from [92]. Copyright 2013, Society of Vacuum Coaters.)
is appropriate. However, the real corrosion pattern might be a mixture between laterally homogeneous
and inhomogeneous corrosion (see Fig. 5.4.1-a). Hence, neither the Lambert-Beer law approach nor the
linear approach return the correct amount of residual calcium. However, the real amount of remaining
metallic calcium can never be less than the one calculated by the Lambert-Beer law and never be more
than the one calculated by the linear approach. Therefore, applying both approaches (Lambert-Beer and
linear) to the same optical transmission data defines upper and lower boundaries for the real amount of
calcium and, as a result, the real WVTR. As shown in Figure 5.4.1-b, the deviation between the calcium
thicknesses calculated by the Lambert-Beer law approach and the linear approach increases with the
initial calcium thickness. Hence, the impact of laterally inhomogeneous corrosion on optical calcium
tests can be lowered by evaporating a thin layer (ca. 15–40 nm). By contrast, since the calcium has to
be thick to survive the lag time to measure steady-state WVTR, there is a trade-off between precision
and lifetime. Finally, the precision of optical calcium tests can be highly increased by using a high-
resolution CCD-camera evaluating the calcium thickness of every pixel instead of using a single integral
optical density value for the whole sample (see Fig. 5.4.1-c). To summarize, optical calcium tests
provide the best results with a high-resolution CCD-camera for initial calcium thicknesses between 30
and 40 nm, while both approaches (the Lambert-Beer and linear) should be used to obtain upper and
lower boundaries to for the real amount of metallic calcium.
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Figure 5.4.2: Simulated influence of laterally
inhomogeneous calcium corrosion on electrical
calcium tests. (a) and (b) show regular corro-
sion patterns, i.e. growing circles of degraded
(=corroded) calcium. For the simulation, the ra-
tio a:b was varied. (c) shows electrical calcium
test curves resulting from these corrosion pat-
terns. Corrosion inhomogeneity always causes
the electrical test to underestimate the amount of
calcium. (d) shows the WVTRs resulting from
the electrical tests in (c): For moderate geome-
tries (a=2b to 2a=b) and after the strong initial
decrease, the obtained WVTRs are well within
a 30 %-error around the correct WVTR obtained
for the laterally homogeneous corrosion pattern.
(Adapted with permission from [90]. Copyright
2013, AIP Publishing LCC)
To qualitatively understand the behavior of the
electrical method in the case of inhomogeneous cor-
rosion, we used a simplified model (Fig. 5.4.2, de-
tails in the supplement of [90]): Ideal inhomoge-
neous corrosion and circular, regularly ordered cor-
rosion areas growing over time. According to the
simulation, the electrical test always underestimates
the amount of residual calcium in all cases of inho-
mogeneous corrosion. The electrical test also ends
earlier since the electrical test does not probe islands
and structural dead ends of metallic calcium (per-
colation). Note that this does not mean the elec-
trical test underestimates the WVTR. In the begin-
ning, the electrical test acutally overestimates the
WVTR, while the real (homogeneous) value is nearly
reached around the 40 %-left mark for a=b (Fig.
5.4.2-d). Adding a homogeneous corrosion compo-
nent would bring the electrical curve even closer to
the ideal one. In addition, lateral inhomogeneous
corrosion causing percolation effects can explain
shoulders within the current-vs.-time curve moni-
tored by the electrical calcium test: When a bottle-
neck between corrosion sites is closed, it can con-
vert a part of the calcium layer to a structural dead
end not contributing to the current any longer. In the
current-vs.-time curve, this is indicated by a short
period of a stronger decrease after which the original
slope is again reached. The results are in line with
the simulations performed by Pätzold et al. [123].
Their (virtual) electrical calcium tests also yielded
correct WVTRs while underestimating the amount of
remaining metallic calcium for geometries with the
barrier adjacent to the calcium and without a gas vol-
ume.
To summarize, electrical calcium tests always
(except for homogeneous corrosion) underestimate
the real amount of remaining metallic calcium, but
return roughly the correct WVTR. The latter
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statement regarding the WVTR is limited to cases without a systematic corrosion perpendicular to the
direction of the current, e.g. due to long cracks in the barrier or a systematical corrosion at the calcium-
electrode-interface. To exclude systematic corrosion, a final optical inspection of finished electrical
calcium test samples is highly recommended. While the presented details of and considerations about
calcium corrosion caution the experimenter to not blindly trust his results, they also encourage the use of
this low-cost, highly sensitive, and – when used carefully – reliable technique.
67
5 Calcium for Permeation Tests – Properties and Corrosion Behavior
68
6 Electrical Calcium Test
While the previous chapter describes calcium properties and corrosion behavior in general,
this chapter focuses on the practical realization of electrical calcium tests. The latest state
of the developed measurement setup as well as some of its special improvements are pre-
sented here. Thereupon, the layout of the single samples is described and the influence of
layout details is discussed. Finally, the comparability with other measurement techniques
within the OE-A round robin is shown and further steps towards an improvement of the
method are discussed. Some text passages of this chapter have already been published and
are reprinted with permission from [91] (Copyright 2013, AIP Publishing LLC) and [92]
(Copyright 2013, Society of Vacuum Coaters).
6.1 Measurement Setup
The main advantage of calcium corrosion tests for WVTR-measurements is their potential to be massively
parallelized. Initially, the measurement capacity at the IAPP was one sample, investigated in ambient
atmosphere. As measurements can take weeks, the need for a higher sample throughput was obvious.
Furthermore, to provide a constant WVTR as well as results comparable with other groups, climate control
was urgently required. A reliable and well-understood measurement setup is an essential step towards
successful research in relation to permeation barriers.
The measurement setup for calcium tests and organic solar cell aging was designed and improved
together with Martin Hermenau. It is depicted in Figure 6.1.1 and consists of a PC running a control
software, a Keithley2400 SourceMeter for the 4-wire-measurement of the conductance, switches to ad-
dress single samples as well as thermally insulating climate-boxes containing a sample-box for taking up
4 sample holders with space for 8 samples each. The climate-boxes can be heated or cooled, allowing
for temperatures in the range of 5–90 °C. The humidity is provided by a saturated salt solution (see Sec.
2.4). With adapters (Fig. 6.1.1-c), vials with the salt solutions can be attached to each sample sepa-
rately. Hence, in one climate box, i.e. at one temperature, the permeation at a variety of humidities can
be investigated simultaneously. Another benefit of the adapters is that the high-humidity volume below
the sample is separated from the volume encompassing the back-encapsulation (glue and cavity glass).
The latter volume is dried by a desiccant, e.g. silica-gel or a molecular sieve, which reduces the back-
ground diffusion through the glue. The background WVTR at 38 °C was measured with glass (instead of
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Figure 6.1.1: Design of the electrical calcium test setup at the IAPP (TU Dresden). (a) Thermally insulating
climate-boxes with heaters provide a constant temperature. The sample-box contains 4 sample holders. Its
bottom is covered by a desiccant. (b) Sample holders can take up to 8 samples each. The samples are affixed
by screws. (c) A saturated salt solution providing a defined humidity is attached to each sample. Note that the
humidity at the glue – defining the background rate – is much lower than the humidity provided by the salt
solution and used for the measurement. (Reproduced by permission of the Society of Vacuum Coaters from
[92])
a permeable barrier foil) and with the back-encapsulation stored in the low-humidity (dessicant-dried)
volume; it is as low as 1 · 10−4 g(H2O) ·m−2 ·d−1. While this setup is able to measure WVTRs at the
same conditions for all samples, its special benefit lies in the opportunity to investigate the WVTRs with
respect to many different climate-conditions simultaneously.
Since the IAPP is specialized on organic devices, the investigation of barriers is not limited to the
corrosion of calcium: To apply permeation barriers to organic solar cells and monitor their performance
over time, small single-sample-boxes (based on HPL932D, Lock&Lock) with appropriate single sample
holders were designed. Providing for humidity is done in the same way as for calcium samples, i.e. an
adapter mounts the vial (encompassing a salt solution) to the sample (Fig. 6.1.1-c) and desiccant-dried
air surrounds vial and sample holder. In addition to calcium-test-boxes, a square taken from the lid cover
of the plastic box was removed and replaced by a glass substrate (1.1 mm thick borofloat glass) to provide
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constant optical transmission. A lens for ho-
mogeneous illumination, as well as a white-
light LED (Seoul Z-LED P4, white, 240lm),
were mounted on top.
The volume separation illustrated in Fig-
ure 6.1.1-c is applicable for barrier foils, but
not for thin film barriers on glass. To al-
low for volume separation, even for the lat-
ter substrates, an additional adapter was de-
signed (see Fig. 6.1.2): Via the adapter, high
humidity is provided in the center of the sam-
ple while the outer part of the sample is kept
within the low-humidity volume. An addi-
tional polymer foil is glued (Melinex PET-foil
with usual UV-curable glue) onto the thin film
barrier to prevent it from corroding (see Sec.
6.2.2).
contact
salt solution
seal
common 
adapter
dried air at 
contacts
(silica-gel)
humid air 
at barrier
glass
C60Al barrier
Ca
polymer
additional
adapter
seal
sample 
holder
Figure 6.1.2: For impermeable (e.g. glass) substrates,
the additional adapter depicted here was engaged to sep-
arate humid (barrier) and dry (electrodes) volumes. A
polymer foil glued onto the barrier (here: aluminum) by
UV-curable glue protects the barrier from corrosion due
to direct contact to high humidity.
6.2 Calcium Test Layout
The principle of the electrical calcium corro-
sion test is based on a simple resistance mea-
surement. Nevertheless, details of the sam-
ple layout (see Table 3.1 for examples) can
strongly influence the measurement. The first
electrical calcium test layout used at the IAPP
was adapted from the first publication de-
scribing the method [125] and is depicted in
Figure 6.2.1.
Figure 6.2.1: The first calcium test lay-
out used at the IAPP. Calcium and elec-
trodes are evaporated onto the barrier sub-
strate. A cavity glass lid protects the back
side. The resistance of the calcium layer
is monitored by 4-wire-sensing from outside
the cavity. The inset shows a real sample
without the glass lid and all calcium having
been corroded. (Reprinted with permission
from [152]. Copyright 2011, AIP Publishing
LLC.)
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6.2.1 Series Resistance
To precisely measure the resistance of the calcium layer, 4-wire-sensing geometry is used. 4-wire-
sensing means that one pair of contacts provides the current while the voltage is measured using an
independent and thus current-free pair of contacts. Thereby contact resistances are excluded from the
measurement. The resistance is actually measured between the two voltage-contacts. Since calcium is
encapsulated, contacts can not reach the calcium layer directly; they require an electrode on the sample.
In our first design, the voltage-contacts and current-contacts share the same electrodes (see Fig. 6.2.1),
i.e. the series resistance RS of the electrode is added to the resistance RCa of the calcium layer. Since the
electrical resistivity of calcium is roughly comparable to the electrical resistivity of aluminum, the series
resistance of the electrodes must be taken into account: It reduces the initial slope of the current-vs.-
time-curve by a factor of (RS/RCa,0+1)−2 of the electrical calcium test and therefore underestimates the
WVTR (see Fig. 6.2.2; RCa,0: initial calcium resistance). In our first design using 60 nm calcium as well
as a 100 nm aluminum electrode, the series resistance was 0.8Ω and the initial calcium resistance 1.0Ω.
Hence, extracting WVTRs from the initial slope of the raw data resulted in a WVTR being roughly a third
of the real one. However, a known, constant series resistance can be easily compensated by calculation:
RCa = Rmeasured−RS . (6.2.1)
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Figure 6.2.2: Electrical calcium test curves (simulated) for series resistances RS between 0 and 10 ·RCa,0
(RCa,0: calcium resistance at t=0). The initial slope decreases strongly with an increasing series resistance.
Hence, a WVTR calculated out of the first part of the curve would strongly underestimate the real WVTR.
The inset depicts a cross-section of the calcium test and the contacts from the sample holder as well as the
equivalent circuit.
While such a compensation was used at the IAPP for our first design, RS is material-dependent and varies
with the electrode thickness and the temperature. Furthermore, it may depend on the substrate roughness
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and deposition conditions. Hence, a layout with separate voltage- and current-electrodes which excludes
the series resistance of the electrode is preferable.
6.2.2 Electrode Material
As described in Section 6.1, the setup uses saturated salt solutions to provide a defined humidity level.
Initially, the whole calcium test samples, i.e. also the aluminum electrodes, were exposed to this
high-humidity atmosphere. However, when exposed to a high-humidity atmosphere (saturated Na2SO4-
solution providing the standard condition of 38 °C and 90 % rh), the electrical contact between the elec-
trodes was soon lost. Despite this loss of contact, an intact layer of metallic calcium was still visible
under the cavity glass. Subsequent microscope images revealed corrosion of the aluminum electrode
exclusively around the spot where contact pins (of the sample holder) touched the aluminum electrode.
Since those contacts have a gold surface and the humid air should lead to several monolayers of water on
the surface [87], i.e. an electrolyte, the locally increased corrosion can be explained by contact corrosion.
This contact corrosion continues until the electrical contact between the gold contact and the electrode is
lost.
The corrosion problem vanished by using silver (being more noble) as the electrode material. How-
ever, silver turned out to exhibit some drawbacks, too: (i) It is more prone to scratches during the mount-
ing process of the sample to the sample holder. (ii) The overlapping area of electrode and calcium usually
became brownish, presumably because silver forms an alloy with calcium [6, 111]. However, this caused
no obvious affect on the measurement and may therefore be acceptable. (iii) In ALD-processes for
thin film encapsulation, the silver electrodes were exposed to ozone, causing them to become black and
electrically insulating. However, 100 nm of C60 covering the silver electrodes is an effective form of
protection against the aggressive species of the ALD-process.
During the course of the setup improvement, the surrounding air was separated into a high-humidity
volume below, and a low-humidity volume above the sample (see Fig. 6.1.1-c). Since, for this design,
both the electrodes and the back-encapsulation are in the low-humidity volume, no further corrosion
problems occurred and aluminum could be used. However, for thin film encapsulations on glass sub-
strates, i.e. glass/calcium/encapsulation, where separation is elaborate (but possible, see Fig. 6.1.2) due
to both volumes having to be on the same side of the substrate, silver electrodes are still in use.
6.2.3 Evaporation Sequence
The evaporation on the permeable material might either start with the calcium or with the electrode.
While this sequence does not affect the resistance measurement, it is supposed to influence the corrosion
pattern (see Fig. 6.2.3-b): If calcium is evaporated first, it is in contact with the permeable material
everywhere and corrodes more or less homogeneously. If the (aluminum) electrode is evaporated first,
this electrode is a barrier protecting the calcium on its top, but also guiding the water to its edges.
Consequently, calcium at the edges of the electrode corrodes faster. As the current path is constricted,
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Figure 6.2.3: The supposed influence of the evaporation sequence: (a) Homogeneous corrosion takes place
since the electrode does not hinder water permeation. (b) Increased corrosion at the calcium/electrode-border
since water is guided below the impermeable electrode.
particularly at this calcium/electrode-border, the current drops fast, leading to a strongly overestimated
WVTR and a loss of the sensor while most of the calcium still remains metallic. Hence, the calcium
should always be deposited between the electrode and the barrier.
6.2.4 Corroding Calcium Damages Adjacent Barrier Film
A modified sample layout was designed (see inset in Fig. 6.2.4) which was inspired by the idea of
a witness-line (a line of calcium under the glue; its electrical conductance proves that no water broke
through the glue ring) around the calcium layer under test [135]. This modified layout not only had four
separate electrodes, but also included a calcium guard-ring below the glue rim. This calcium guard-ring
and the calcium for measurement were evaporated simultaneously by one single shadow mask, i.e the
guard-ring and the calcium for measurement always had the same thickness. The idea was to delay water
ingress through the glue. Additionally, a C60-interlayer (20 nm) was introduced between the calcium
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Figure 6.2.4: An improved calcium layout including a guard-ring (see insets) was deposited onto a ZTO-
barrier with different calcium thicknesses. Surprisingly, the obtained WVTR clearly increases with the calcium
thickness.
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Figure 6.2.5: A calcium test layout study shows the influence of different calcium thicknesses, the guard-
ring, and the C60-interlayer-thickness on the measured WVTR. The WVTRs are compared to the reference
value from the data sheet. The results prove that a thin C60-interlayer between calcium and barrier is required
to measure the correct WVTR and that thickness dependent WVTRs occur at room temperature, too, i.e. are
not caused by the heating of the samples.
and the barrier film to ensure that corroding (= expanding) calcium did not induce mechanical stress and
damage the barrier. C60 was arbitrarily chosen for the decoupling layer, because it can be deposited by
thermal evaporation in the same process as the calcium, provides a smooth surface, and is not affected by
temperatures of up to 85°C which can be present during aging experiments. However, this C60-interlayer
was not deposited below the guard-ring since the C60 was assumed to cause adhesion problems for the
glass lid on the substrate. The first test of this new layout was performed at 38 °C and 90 % rh on a
ZTO-barrier (see Sec. 4.1) using different calcium thicknesses. The surprising result was that the WVTR
strongly depended on the calcium thickness (see Fig. 6.2.4). This was a critical observation, since the
choice of the calcium thickness should, of course, not influence the measured WVTR.
To identify the origin of this thickness dependency and to further investigate whether the interlayer
for mechanical decoupling really protects the barrier layer – which is thus far only a hypothesis – a
layout study was conducted on identical ZTO-foils (see results in Fig. 6.2.5): For calcium thicknesses of
60 and 400 nm, the guard-ring was kept or left away and the thickness of the C60-interlayer was varied
between 0 and 50 nm. After preparation, most of the samples were aged at 38 °C and 90 % rh, but some
of the samples were also aged at room temperature to prove that the corrosion, not simply the heating,
i.e. different thermal expansion coefficients of calcium and barrier material, caused the WVTR-thickness-
dependency.
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In Figure 6.2.5, the results of this experiment are presented together with the reference value from
the data sheet of the ZTO-barrier (measured with a Brugger WDDG). Without a guard-ring and with
a C60-interlayer of 20 or 50 nm thickness, WVTRs were obtained which were highly comparable to the
reference value, independent of the calcium thickness. By adding the guard-ring (which has no C60
underneath) or leaving out the C60-interlayer, the 400 nm thick calcium samples always ended up with
a strongly increased WVTR, independent of the temperatures (38 °C and room temperature). For the
60 nm thick calcium layer, the guard ring had no obvious influence on the measured WVTR, stressing the
thickness dependency of this effect.
On the one hand, these results prove that the expansion of calcium damages an adjacent barrier
film during corrosion; this is also presumably the cause for the guard-ring (having no C60 underneath)
distorting the result. Note that this barrier damaging is an effect which is also relevant for optical calcium
corrosion tests. On the other hand, these results prove that with a C60 interlayer of only 20 nm thickness,
WVTRs highly comparable to a commercial standard device are obtained by using the electrical calcium
test.
6.2.5 Evaluation of Measurement Curves
According to Pätzold et al. [125] and with regard to a constant WVTR, the measurement curve of the
electrical calcium test (current vs. time) should exhibit a constant slope. Hence, the WVTR could eas-
ily be calculated (see Equation 3.2.4). However, there are many assumptions contained in this theory,
including the following:
• The corrosion is homogeneous in a lateral direction (see Sec. 5.3).
• All incoming water instantaneously reacts with the calcium, meaning that there is no adsorption at
inner walls or deceleration due to reaction kinetics (see Sec. 5.2)
• The temperature, and thus the resistivity and the permeation, remains constant.
• The barrier is not damaged by the calcium test, i.e. there is no damage caused by corroding calcium
or the hydrogen gas produced by the reaction (see Sec. 6.2.4).
Some of those assumptions may not be appropriate for a given measurement. On the other hand, barriers
themselves may exhibit an alterable WVTR, e.g. during their lag time or because they degrade by swelling
in the water vapor. Such barriers, in general, do not possess a constant WVTR. Hence, kinks and changing
slopes in a measurement curve can relate to both the calcium test and the real WVTR.
In Figure 6.2.6, measured calcium test curves are shown for ZTO-barriers aged at 38 °C and 90 %
rh using aluminum electrodes (curves of experiment in Fig. 6.2.5): The initial drop in those curves is
caused by the temperature increasing to 38 °C. When directly comparing all curves, the impact of layout
details (C60-interlayer, guard-ring) can be seen very well: Without a guard-ring and with a C60-interlayer,
nearly perfect linear curves can be obtained. Their mean WVTR of 0.013± 0.002 g(H2O) ·m−2 ·d−1
perfectly fits to the WVTR of 0.013 g(H2O) ·m−2 ·d−1 provided in the data sheet (see 6.2.5). Thus, a
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Figure 6.2.6: Electrical calcium test curves of ZTO-barriers aged at 38 °C and 90 % rh are depicted. A nearly
perfect linear decrease – corresponding to a constant WVTR – is only found for samples with a C60 interlayer
andwithout the guard-ring. All other curves exhibit kinks, i.e. intervals of different slopes making it a matter
of choice which one can trust.
very significant result is obtained: Despite all of the above-mentioned assumptions, electrical calcium
corrosion tests can yield the perfectly linear curves predicted by Pätzold et al. [125] and can lead to
correct results. This means that the method itself is capable of performing as predicted. According to my
own experience and that of others [7], those ideal curves are far from being usual for every barrier. The
question as to whether the lack of linearity in many measurement curves is caused by the barrier itself
or by the calcium test is often difficult to answer. For example, when looking only at Figure 6.2.6-g,
one could reasonably interpret the interval before the kink as lag time. Only after its comparison to the
results from other layouts/samples the kink can be identified as an artifact.
In conclusion, separation of the calcium from the barrier – even by a 20 nm thin C60 layer – as well
as optical inspection and documentation of the samples after removing them from the setup are strongly
recommended; both steps significantly reduce the need to interpret measurement data ex post.
6.2.6 Latest Calcium Test Layout
Figure 6.2.7 shows the latest electrical calcium test layout. The shape of the electrodes and the calcium
are the same for barriers on polymer foils (see Fig. 6.2.7-a) and for thin film encapsulation (Fig. 6.2.7-
b). This design avoids any series resistances from the electrodes and is still compatible with the sample
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Figure 6.2.7: Latest electrical calcium test layout for (a) barriers (like ZTO) on polymer foils and (b) thin
film barriers like ALD deposited Al2O3. ((a): Reprinted with permission from [91]. Copyright 2013, AIP
Publishing LLC.)
holders and the glass lids commonly used for encapsulation at IAPP. The thickness of the calcium is
typically either 60 or 100 nm, the thickness of the aluminum or silver electrodes is typically 100 nm.
Regarding the barriers on polymer foils, the 20 nm thick C60-interlayer protects the barrier from dam-
ages by corroding calcium. For thin film barriers, 100 nm C60 prevents the top-layer from cracks and
distributes the generated hydrogen gas; both effects protect the thin film barrier from damage caused
by the corroding (expanding) calcium. As visible in Figure 6.2.8, damage of the barrier layer (20 nm
Al2O3) due to the corrosion of the underlaying calcium can be strongly reduced by the insertion of a
soft evaporated interlayer (here: 200 nm Alq3 (tris-(8-hydroxy-quinolinato)-aluminum)) on top of the
calcium prior to the ALD-process. Finally, the C60-interlayer for thin film barriers allows one to use
silver electrodes in a TMA-ozone-process, since the electrodes are protected from the ozone by the C60-
interlayer. Within the bachelor thesis of Markus Karl [82] (see also Sec. 7.1), the WVTR of a 100 nm
thick aluminum layer with the standard (100 nm C60) and a doubled interlayer thickness (200 nm C60)
was measured optically at 38 °C and 11 % rh. Since comparable WVTRs were obtained (1.32 ·10−3 and
1.26 ·10−3 g(H2O) ·m−2 ·d−1, respectively), the C60-interlayer does not influence the measurement.
The background rate for this layout was measured with the barrier-on-polymer-foil-layout (Fig. 6.2.7,
a), but with an impermeable glass substrate instead of a polymer foil. For an atmosphere dried with a
molecular sieve, a temperature of 38 °C, and silver electrodes, a background of 1 ·10−4 g(H2O) ·m−2 ·d−1
was reached after 250 h. Interestingly, the slope of all curves was not constant but decreased over time
(similar to Fig. 6.3.1). This could either originate from inhomogeneous calcium corrosion (see Fig.
5.4.2) or it could be caused by residual water from the glue.
In summary, the latest calcium test layout allows the WVTR-measurement of thin film encapsulations
as well as barrier foils down to a background of 1 · 10−4 g(H2O) ·m−2 ·d−1 at 38 °C by precisely mea-
78
6.3 Comparability with Other Methods – OE-A Round Robin
glass
Alq₃ (200 nm)
Al₂O₃ (20 nm)
Ca (60 nm)
glass
Al₂O₃ (20 nm)
Ca (60 nm)
10 µm
150
500 nm
0
40
80
120
nm(a) 8.2
0
2
4
6
10 µm
nm(b)
Figure 6.2.8: Influence of a soft interlayer (Alq3) between calcium and thin film encapsulation (Al2O3, ALD)
investigated with an AFM: (a) Without the interlayer, initially flat areas become visible as elevated spots due to
corrosion underneath; in high-resolution, a bubble-like shape can be seen. (b) With a soft interlayer (200 nm
Alq3), the surface remains flat even after all calcium corroded. Whether the crack in the layer appeared
directly after the ALD-process or was caused by the calcium corrosion is not clear.
sureing the calcium film resistance. The layout handles aggressive process- and climate conditions and
effectively decouples the barrier under test from the corroding and expanding calcium.
6.3 Comparability with Other Methods  OE-A Round Robin
The OE-A (Organic Electronics Association) organizes regular meetings of different working groups.
One of them is the Encapsulation-Group led by Giovanni Nisato, with participants from several insti-
tutions dealing with the encapsulation of organic electronics. The group identified a need for standard-
ized WVTR-tests and conducted the first round robin on this topic. The same batch of a POLO-barrier
(FEP038-IVV276-FEP039-IVV278) was investigated by different labs using several optical- and elec-
trical calcium corrosion tests, as well as via laser-absorption (e.g. Sempa HiBarSens), the coulometric
method (Mocon Aquatran), gas chromatography, and isotope labeled mass spectroscopy. All of these
tests were conducted at 38 °C and 90 % rh. Except for two outliers, all results were found within the range
of 1–7·10−4 g(H2O) ·m−2 ·d−1. As the results were often only obtained from one sample, i.e. without
using statistics, the agreement between those state-of-the-art methods was satisfactory. The IAPP-result
of (5.4±0.5) ·10−4 g(H2O) ·m−2 ·d−1 using the old layout (see Fig. 6.2.1) was well within this range.
The corresponding measurement curves are shown in Figure 6.3.1: The initial decrease may be a result
of inhomogeneous calcium corrosion (see Fig. 5.4.2) or degassing from the inner lacquer layer, but a
linear regime is reached after ca. 400 h of measurement. The intervals of missing data within the curves
as well as some intermediate offsets are artifacts caused by problems with the setup; during that time, the
software crashed from time to time. Note that no C60-interlayer was used for this experiment. However,
the soft, ca. 800 nm thick lacquer layer on top of the POLO-barrier fulfilled the same protective function
as an evaporated C60-interlayer. Therefore, the barrier was protected against the corroding calcium.
79
6 Electrical Calcium Test
0 200 400 600 800 1000 1200 1400
6
8
10
12
14
Cu
rre
nt 
(m
A)
Time (h)
38 °C / 90 % rh
Mocon Aquatran I: < 5 ⋅ 10⁻⁴ g⋅m⁻²⋅d⁻¹
Sempa HiBarSens: 4 ⋅ 10⁻⁴ g⋅m⁻²⋅d⁻¹
Optical Calcium Tests: 2 ⋅ 10⁻⁴ g⋅m⁻²⋅d⁻¹
WVTR = (5.4 ± 0.5) ⋅ 10⁻⁴ g⋅m⁻²⋅d⁻¹
.
Figure 6.3.1: Electrical calcium test curves for the POLO-barrier aged 38 °C and 90 % rh. The slopes are well
linear after 400 h of measurement. The resulting WVTR of (5.4±0.5) ·10−4 g(H2O) ·m−2 ·d−1 is comparable
to the results from other methods [48].
6.4 Limitations and Future Prospects of the Electrical Calcium
Test
Calcium is a common and cheap metal. It can be thermally evaporated in a vacuum and structured by
a simple shadow mask. Besides its oxidation in ambient air, it is easy to handle. The main difference
when compared to many other permeation measurement methods is that the sensor, i.e. the calcium,
cannot be reused and – due to its low cost – must not be reused. Consequently, a multitude of samples
can be investigated simultaneously. The sensitivity is, in principle, limited only by the background water
diffusion, i.e. water ingress through the sealing, or water release from inner components. However, due to
practical reasons, time is a limiting factor as well: 1.4 · 10−3 g(H2O) ·m−2 are required to corrode 1 nm
of calcium. Assuming 1 nm of calcium to be the minimum recognizable thickness change, 100 days as
the upper limit for measurement time, and a calcium area as large as the permeation barrier under test, the
detection limit is roughly 10−5 g(H2O) ·m−2 ·d−1. However, by a better detection limit for the calcium
thickness or by using a calcium area much smaller than the area of the barrier under test (as done by
Reese et al. [135]), the sensitivity can be further improved. In addition, there is still the opportunity to
accelerate the measurement by elevated temperatures or humidities and, in consequence, yield a higher
sensitivity due to re-calculation to moderate conditions. However, re-calculation is a critical step as the
precise formula is not clear at the moment.3
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In general, the layout cannot delay the permeation of water or the corrosion of calcium. Therefore,
as long as the resistance is measured correctly (series resistance excluded), layout or handling problems
can only lead to a virtual or real increase of the corrosion speed and therefore an overestimated WVTR.
Even if further investigations reveal additional problems: The WVTR obtained by a current measurement
represents an upper limit for the real WVTR.
The theoretical detection limit is one order of magnitude below the present background rate of our
setup. If the background rate were solely determined by the glue rim, increasing x- and y-dimensions
of the calcium area by a factor of 10 to an area of 6x16 cm2 would reduce the background rate by one
order of magnitude (a further improvement via scaling would exceed manageable sizes). While this
upscaling is definitely the next step, it will automatically end the compatibility with the present sample
holders, climate-boxes, and encapsulation processes. This is the reason the step has not been taken thus
far. However, leaving the given size-restrictions behind and taking experiences from other groups into
account (especially from NREL [135]), this step also represents a great opportunity to make the setup
more convenient: For statistical purposes, several samples of the same barrier have to be measured in
any case; they could be placed on the same substrate and contacted with one connector. In the present
layout, there is always an additional remaining risk of interactions between the barrier under test and
the evaporated layers (especially the corroding calcium). In addition, the actual design requires the
processing of the barrier and that of the calcium test to be sequential processes. On the contrary, calcium
tests evaporated onto a glass substrate (instead of a barrier) with the barriers only glued onto those glass
substrates after evaporation would avoid any calcium-barrier interactions and would allow one to keep a
stock of calcium tests which are ready to use.
Note that a modified layout with the calcium on the glass substrate instead of on the barrier makes
gluing the back-encapsulation more difficult (since it is not the standard procedure and was not done thus
far): Up until now, UV-curable glue has been used. This was easy because illumination with UV-light
could be carried out through the cavity glass, the common process at the IAPP. However, by evaporating
the in-transparent metal electrodes for contacting the calcium on the glass side, a UV-illumination from
this glass-direction is not any longer possible since the metal on the glass would shadow the glue. The
obvious alternative, i.e. an illumination through the barrier instead of the glass, would require one to
adjust the illumination time for each barrier and would also limit the method to transparent barriers. Two
alternative ways would be to use UV-curable glues but with transparent electrodes, e.g. indium-tin-oxide,
to still illuminate through the glass, or to use thermally curable glues. Finally, reducing the calcium area
compared to the area of barrier under test [135] – the most convincing idea to push the sensitivity limit
when the background rate is under control – might distort the results due to water-adsorption at inner
walls of the detection volume; an effect which should be investigated before implementation. However
the changes may appear, further improvement of the sample layout will definitely improve the reliability
and convenience of WVTR-measurements. This will nevertheless mean a significant developmental effort
– however – an effort worth taking!
3This consideration about the practical limits of calcium tests is based on discussions with Matthew Reese (NREL) and Piet
Bouten (Philips).
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6.5 Setup and Layout  Conclusions
In this chapter, improvements in the measurement setup and the sample layout of the electrical cal-
cium corrosion test have been presented and discussed. During recent years, the sample capacity of the
setup was upscaled from 1 to over 100 samples and the possible climate conditions were improved from
(unstable) room conditions to any (constant) temperature between 5 and 90 °C, as well as a variety of
(constant) humidities between 0 and 100 % rh. Those climate conditions can be chosen nearly inde-
pendently (limited to 5 climate-boxes, i.e. temperatures) for each single sample, allowing the parallel
investigation of large temperature-humidity-variations for the same barrier. The latest calcium test layout
can be applied to thin film encapsulations and foils – the latter one with a background WVTR as low as
1 ·10−4 g(H2O) ·m−2 ·d−1 at 38 °C, equivalent to one monolayer of water permeating through the bar-
rier per day. The layout is compatible with aggressive process- and climate conditions and was proven
to measure results comparable to other techniques for low and high barriers. Distortions of the results by
series resistances or mechanical interactions were presented and are avoided in the latest developed lay-
out. Finally, the effort for sample preparation and data-evaluation for a whole Lesker-run (36 samples)
was reduced to ca. two man-days of work. In summary, the present measurement system represents a
powerful tool for highly parallel, high-precision permeation barrier evaluation. Its development yielded
a great amount of fundamental knowledge about calcium corrosion tests.
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This chapter addresses the barrier evaluations of thermally evaporated aluminum, mag-
netron sputtered ZnSnO (ZTO), and atomic layer deposited (ALD) Al2O3. Thereby, ZnSnO
is investigated as a single and as a multilayer barrier; Al2O3 is investigated as a barrier
on a polymer substrate and as a thin film encapsulation. The WVTR of all barriers is in-
vestigated with electrical calcium corrosion tests and – in case the humidity was varied –
compared to sorption models. In thin film encapsulations (aluminum and Al2O3), defects
are rendered visible by an optical calcium test or electrodeposition into defects. Finally, the
encapsulation of OLEDs by thin film Al2O3 is investigated. While the results concern prop-
erties of permeation barriers and are interpreted in this sense, they also provide information
about the used metrology. Several text passages about aluminum as thin film encapsulation
have already been published and are reprinted with permission from [89] (Copyright 2013,
Elsevier B. V.).
7.1 Thermally Evaporated Aluminum as Thin Film Encapsulation
As aluminum is widely used as electrode material for organic devices (OLEDs and OSCs), its barrier
properties are of large practical relevance. In one of our publications [73], we reported about a WVTR as
low as 8 ·10−4 g(H2O) ·m−2 ·d−1 (at 45 °C and 5.5 % rh) reached by a 100 nm thick aluminum electrode
on top of a solar cell on glass. In this experiment, we covered solar cells with different barriers (by
using spacer glue and creating a gas volume between barrier and device), but found only minor lifetime
improvements for WVTRs above 10−3 g(H2O) ·m−2 ·d−1. Only subsequent to testing, we recognized the
significant barrier property of the aluminum top electrode and extracted its WVTR from the data. As a
consequence, we conducted and published (see [89]) a systematic investigation of aluminum thin film
barriers: Calcium was thin film encapsulated with an aluminum top layer and aged under four different
climate conditions. Thereby, the corrosion of calcium was monitored electrically and optically (growth
of corroded area). The optical data were also used to investigate the corrosion around single macro-
defects. This investigation is part of the bachelor thesis of Markus Karl [82], whom Martin Hermenau
and I had the pleasure of supervising during his work at the institute.
The samples in this section use the latest calcium test layout (see Fig. 6.2.7-b) with some minor
modifications: The evaporation sequence on glass substrates started with aluminum electrodes (100 nm)
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and calcium (60 nm) as the basic components of the calcium test. They were followed by three lay-
ers evaporated with the same shadow mask (= shape) as the calcium rectangle: C60 (100 nm), BPhen
(Bathophenanthroline, 6 nm), and aluminum (100 nm). The BPhen was added to provide the same sub-
strate for the aluminum top layer as in our usual ZnPc/C60 solar cells [73] and the aluminum top layer
represents the barrier under test. As a special modification, an additional electrode layer (100 nm alu-
minum, same shape as the electrode at the bottom of the stack) was evaporated on top. The reason is
that the calcium sensor and the aluminum top layer (barrier) are electrical resistors in parallel which are
only separated by thin layers of C60 and BPhen. In samples without this additional electrode layer, i.e. at
38 °C and 11 % rh, the current-vs.-time-curve of the electrical calcium test was distorted due to varying
leakage currents. The additional electrode guaranteed nearly perfect linear current-vs.-time-curves in
all other measurements. As long as the corrosion of calcium is laterally homogeneous on the scale of
several hundred µm, the (electrical) potential equally decreases in calcium and aluminum between the
contacts, i.e. there are no vertical currents between calcium and aluminum top layer. In consequence, the
aluminum top layer simply adds a constant offset to the current. Figure 6.1.2 illustrates the setup used
for the investigation of aluminum thin film barriers; the additional polymer foil covering the aluminum
protected it from direct contact to the high humidity, i.e. prevented corrosion (see Sec. 6.2.2).
7.1.1 Calcium Test  Optical Defect Method
To obtain as much information about calcium corrosion as possible and to assure the reliability of the
results, we applied three different calcium test methods to each individual calcium layer. While the
optical method from Kumar et al. [93] and the electrical method [125] are well-known, the new defect
Figure 7.1.1: Optical evaluation of defect growth. The wa-
ter ingress through a single defect – obtained from the cor-
roded area – is proportional to the radius of the defect, i.e.
proportional to its perimeter. (Reprinted with permission
from [89]. Copyright 2013, Elsevier B. V.)
method, a special variantion of the optical
method, needs to be described in detail:
For each climate condition, the defect
method investigates the relation between
the size of the single defects (visible us-
ing a light microscope) and their corre-
sponding water ingress. In addition, the
defect distribution of the investigated sys-
tem is determined, e.g. for the aluminum
top layer. With this relation in mind and
the known defect distribution (determined
for one sample), the WVTR of the whole
layer can be obtained by calculation. As
a result, the water ingress through a single
defect – indicated by the calcium corroded
around it – was found to be proportional to
the radius (or perimeter) of the defect (see
Fig. 7.1.1). Different climate conditions
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only influence the proportionality factor p
(see Table 7.1), not the linear dependency.
Hence, the permeation is not determined
by the area of the defect, but by its perime-
ter – at least at our level of optical reso-
lution and for this kind of encapsulation
design. The permeation through a defect
well supplied with water is limited by the
lateral diffusion away from this defect, i.e.
we suppose that the area below the defect
is saturated with water and only diffusion
under the aluminum from the perimeter to
the actual degradation front limits the wa-
ter permeation.
We were able to directly investigate
defects down to 0.3 µm radius under the
microscope. Smaller defects were indi-
rectly visible by the presence of circles of
corroded calcium around them. Assum-
ing that a linear dependency remains valid
for smaller defects (p = const.), we found
on ca. 5 mm2 total area a mean defect ra-
dius of 0.358±0.029 µm. As a result, the
WVTR of the entire barrier could easily be
calculated:
Table 7.1: The proportionality factor p (see Fig. 7.1.1)
depending on the climate conditions (water permeation
through a single defect = p · defect radius).
Condition p (10−10 g(H2O) ·µm−1 ·d−1)
38 °C and 11 % rh 0.56
20 °C and 54 % rh 1.59
38 °C and 90 % rh 7.91
65 °C and 50 % rh 10.6
Figure 7.1.2: Defects on an area of 5 mm2 categorized
with respect to their radius and their respective contribu-
tion to the overall permeation. While most of the defects
are smaller than 0.4 µm, the few large defects dominate the
permeation. (Reprinted with permission from [89]. Copy-
right 2013, Elsevier B. V.)
WV T R = mean radius ·defect density · p . (7.1.1)
To display the investigated defects, we depicted their size-distribution as well as their contribution to
the overall permeation in Figure 7.1.2. Interestingly, the permeation through the defects is similar to a
Pareto distribution: 72 % of the permeation occurs through only 23 % of the defects (> 0.4 µm radius).
Since those defects are visible under a simple light microscope, the barrier performance of our aluminum
barriers is predictable by performing a non-destructive, fast optical inspection of the large defects.
7.1.2 Comparison of Calcium Test Methods
We investigated the corrosion of the very same calcium samples using three different methods: The
electrical method [125], an optical method [93], and a new version of the optical method based on the
investigation of single defects. For the latter method, we investigated the relation between the permeation
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Figure 7.1.3: WVTR of the aluminum barrier at different
climate conditions as well as the acceleration of permeation
compared to 38 °C and 11 % rh. All three methods were ap-
plied to the same calcium samples. Error bars indicate the
standard deviations of several measurements on different
samples. All methods yield comparable results. (Reprinted
with permission from [89]. Copyright 2013, Elsevier B. V.)
through a single defect and its radius, then
calculated the WVTR through the whole
barrier from the defect frequency and size
distribution. The WVTRs obtained by all
three calcium test methods for varying cli-
mate conditions as well as the mean ac-
celeration factors compared to 38 °C and
11 % rh are depicted in Figure 7.1.3. De-
viations are caused by the inhomogeneity
of calcium corrosion (electrical method),
by the fuzzy edge of corroded areas (opti-
cal method, see also inset of Fig. 7.1.1),
and by neglecting deviations in the defect
density and size distribution between dif-
ferent samples (defect method). However,
the deviations are small and do not lead to
a systematical over- or under-estimation of
the WVTR with one method as opposed to
the others. Of special interest are the
comparable corrosion speeds which were observed electrically (i.e. for the bulk of the calcium as well as
the bulk of the aluminum top layer) and optically (i.e. at the reflecting surface of the calcium). The com-
parability of electrical and optical results concerning the corrosion speed proves that the water ingress
occurs mainly through macro-defects and not through a large number of homogeneously distributed,
invisible nano-defects. Furthermore, this comparability shows that there is no significant corrosion of
the aluminum top layer (resistor in parallel to the calcium) in the calcium test samples. If present, both
effects would increase the electrically obtained WVTRs when compared to the optically obtained ones.
These results confirm that (i) the electrical calcium test can also be applied to defect-caused corrosion
patterns as predicted by Pätzold et al. [123] and Klumbies et al. [90] and that (ii) water permeation
through our aluminum layer is dominated by macro-defects.
7.1.3 Macro-Defects vs. Grain Boundaries
The previous comparison of calcium test methods shows that permeation through our aluminum layer
is dominated by macro-defects. In contrast, former works [72, 121] reported water permeation along
grain boundaries in the aluminum layer. In both publications, organic solar cells were stored in a water-
saturated atmosphere until they were fully degraded. Subsequently, the spatial distribution of water in the
solar cells was investigated. As water – contrary to oxygen – was found to be homogeneously distributed,
a homogeneous permeation through the aluminum, e.g. along grain boundaries, was deduced. However,
our results offer an alternative conclusion: Water causes the degradation and those cells were stored until
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being fully degraded. Consequently, water came in through macro-defects, but had reached every part
of the solar cell when its spatial distribution was investigated. Interestingly, the oxygen distribution was
inhomogeneous, showing that the diffusion of oxygen inside the device is much slower than the diffusion
of water, probably due to the difference in size or polarity. Hence, water might be the dominant cause of
degradation, not only because of its reactivity, but also because it diffuses faster than oxygen.
7.1.4 Conclusions for Aluminum as Thin Film Barrier
The barrier performance of an evaporated aluminum layer was investigated using different types of cal-
cium corrosion tests applied simultaneously to the exact same calcium layers. The experiments provide
insight into both the barrier and the interpretation of calcium tests.
Regarding the calcium test, there was a good agreement between the three methods (optical, electrical,
and defect method) – despite the clearly laterally inhomogeneous corrosion. This is a further experimen-
tal proof that the electrical calcium test is reliable even for the case of laterally inhomogeneous corrosion
as found in Section 5.4.
Concerning the barrier, the permeation was found to be dominated by few macroscopic defects (>
0.4 µm radius). Thus, the impact of possible nano-defects is negligible for the aluminum barrier. Con-
sequently, the overall permeation is predictable through a simple optical inspection. Note that such a
non-destructive optical inspection would be very useful to control the barrier properties in a roll-to-roll
process. Using other light wavelengths, this technique may even be applicable to barriers that are trans-
parent in the visible range. For the aluminum thin film encapsulation, the permeation through single
defects was found to linearly depend on the defect radius r, which means that not the area of the de-
fect (∝ r2) but instead the diffusion away from its perimeter (∝ r) below the intact aluminum limits the
permeation. Changing the climate condition only varies the slope of this linear dependency.
Thermally evaporated aluminum represents a simple but effective permeation barrier. Investigations
of its barrier performance on the defect level help to improve evaporated aluminum as a barrier and allow
one to better understand permeation through thin film barriers in general.
7.2 ZnSnO (Magnetron Sputtered) on Polymer Foil
7.2.1 ZTO Single Layer
Single, sputtered layers of zinc-tin-oxide (ZTO) on PET foil (described in Sec. 4.1) have already been
used to show the harmful influence of calcium when it is evaporated directly onto a barrier (see Fig.
6.2.5). The corresponding current-vs.-time-curves of the same experiment have been presented in Figure
6.2.6; they were well linear for the final sample layout. In this section, the WVTR of a single ZTO layer
(144 nm thick) is measured at 38 °C for relative humidities between 0 and 90 % rh.
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Figure 7.2.1: The WVTR of a single ZTO layer (144 nm on PET substrate) for different relative humidities at
38 °C is shown. The data are fitted with three different sorption models. While the data are too scattered for
determine the best model, the Langmuir model and Henry’s law fit clearly better than the BET-model.
The WVTR of the ZTO barrier depending on the relative humidity is depicted in Figure 7.2.1. As was
expected, the WVTR increases with the relative humidity. However, the values are scattered. This scat-
tering indicates that differences between single samples such as defect density or sample preparation still
play important roles. Nevertheless, an evaluation of different sorption models (see Sec. 2.5.1) applied to
the data (Fig. 7.2.1) clearly shows that Henry’s law and the Langmuir model fit quite well. The data are
too scattered to favor one of them. In contrast, the BET-model is obviously unable to describe the results
properly. A manual variation of the BET-parameters revealed that a better fitting of the BET-curve to the
values up to 32 % rh is always accompanied by a larger deviation at 90 % rh. While at first glance, one
would expect the more complex BET-model to yield the best fit, the Langmuir model is actually more
convincing: The BET-model describes the amount of water present at the surface. While with increasing
relative humidity, the number of water layers present at the surface could, for example, double from 2 to
4 layers (BET-model), the concentration of the dissolved water in the solid will certainly not increase in
the same way but saturate. Hence, the concentration of solved water, i.e. the driving force for diffusion,
is probably better described by the Langmuir model than by the BET-model. On the other hand, the fact
that there is only limited space within the first 1–2 monolayers favors the Langmuir model over Henry’s
law. However, with regard to low relative humidities (p pcond), the BET-model and the Langmuir
model have the same shape and can even be approximated by using Henry’s law. Note that the WVTR at
90 % rh, as measured in this experiment, differs from the former result of 0.013 g(H2O) ·m−2 ·d−1 (Sec.
6.2.5), since these were different batches of the barrier foil.
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7.2.2 POLO Barrier  ZTO Double Layer
Two sputtered layers of ZTO, which are separated and covered by a layer of ORMOCER, constitute the
POLO barrier on top of a PET foil (described in Sec. 4.1). This barrier from the Fraunhofer POLO group
has already been used for the OE-A round robin (see Sec. 6.3) to compare different WVTR measurement
techniques.
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Figure 7.2.2: The WVTR of the POLO barrier stack (see inset) was measured at six different climate condi-
tions. While the permeation is clearly temperature activated, there is no dependency on the humidity, as seen
in these data. Possible explanations are that: (i) The background rate was reached, or (ii) the detected water
originated not from the outside, but from the ORMOCER layer enclosed between the two ZTO barriers.
.
Contrary to this OE-A investigation, the results shown in Figure 7.2.2 were obtained by using the lat-
est calcium test layout. The samples were degassed in a glovebox at 80 °C for 5 days prior to the
evaporation of calcium and aluminum electrodes. Thereafter, the WVTR of the POLO barrier was mea-
sured at different relative humidities and temperatures of over 200 h. Most of the current-vs.-time-curves
showed a nearly perfect linear decrease without being concave to the time axis, as was in the round robin
(see Fig. 6.3.1). This was probably a result of the two different calcium test designs. The WVTR of
(2.7± 0.3) · 10−4 g(H2O) ·m−2 ·d−1 at 38 °C and 90 % rh was also slightly below the measured WVTR
in the round robin for the same condition ((5.4±0.5) ·10−4 g(H2O) ·m−2 ·d−1).
However, the most surprising result of this experiment is the independence of the WVTR from the rela-
tive humidity. Since the WVTR depends on the relative humidity for a single ZTO layer (see previous sec-
tion), there must also be such a dependency for the ZTO double layer. Hence, either the background rate
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was reached (origin: calcium test) or there was an internal water reservoir in the barrier (origin: barrier).
Reaching the background rate is reasonable since the background value of a glass-glass-encapsulation for
this calcium test design was 1 ·10−4 g(H2O) ·m−2 ·d−1 at 38 °C (see Sec. 6.2.6), i.e. it is pretty close to
the value measured in this experiment for the same temperature ((2.7± 0.3) · 10−4 g(H2O) ·m−2 ·d−1).
However, the second explanation (internal reservoir) is possible as well: While the outer ORMOCER
layer was nearly free of water after the degassing process, the two ZTO layers of the POLO barrier stack
enclose a 0.8 µm thick ORMOCER lacquer layer consisting of water by 80 % during its deposition, being
only dried for one minute at 120 °C prior to being covered by the second barrier layer [42]. Since the
POLO barrier was further stored in ambient air, the water present in the ORMOCER layer during the
deposition of the second barrier probably remained there until the degassing of the samples occured.
According to a rough estimation4, the lacquer layer would have stored an equivalent water film of up
to 320 nm thickness, which is a significant quantity. If the lacquer had been a PEN foil soaked full of
water at 38 °C and 100 % rh, the equivalent water thickness would only have been 14 nm (see Fig. 7.3.2).
However, as special polymers (like the material used in diapers) can take up more than 200 g of water
per 1 g of the polymer [99] and since the lacquer initially consisted of water at 80 % volume, such a
high water content is still within the possible range. Recently, the background rate explanation, not the
reservoir explanation, turned out to be correct: One partner in the OE-A round robin measured the WVTR
using mass spectroscopy of isotopically-labeled water (D2O) – obviously originating from the outside –
and found a value of 1.3 · 10−4 g(H2O) ·m−2 ·d−1. Together with the background rate through the glue
found for glass-glass-encapsulation and our setup (1 · 10−4 g(H2O) ·m−2 ·d−1), this roughly adds up to
the WVTR measured by the electrical calcium test.
Concerning the electrical calcium test, the experiment described in this section leads to two conclu-
sions: (i) The actual background rate of 1 · 10−4 g(H2O) ·m−2 ·d−1 at 38 °C is still too high – at least
to reliably measure cutting edge permeation barriers. (ii) Investigating the same barrier at a multitude
of climate conditions simultaneously helps to formulate and answer fundamental questions about the
barrier under test as well as the WVTR measurement technique. Compared to one single climate cabinet,
a normal configuration, our setup reduced the time needed for this experiment by a factor of six.
7.3 Al2O3 (ALD) on Polymer Substrate and as Thin Film
Encapsulation
7.3.1 Bare Polymer Substrate
Prior to the characterization of the Al2O3 barrier, its PEN substrate (planarised Teonex PEN, 125 µm,
DuPont Teijin Films) was investigated. Figure 7.3.1 shows the WVTRs of the bare PEN substrate at 38 °C
4Detected outgassing at 60 °C was equivalent to a 20 nm thick layer of liquid water. Degassing at 80 °C for 5 days is expected
to be equivalent to 150 nm of liquid water. Taking the exponential decrease of outgassing water from such a reservoir into
account, the equivalent water film height will probably be around 300 nm.
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Figure 7.3.1: The WVTR of a bare PEN substrate was measured at different climate conditions. WVTRs
obtained at the same condition are very close together and the results compare well to the reference value
from the data sheet. Applying sorption models to the data, Langmuir model and Henry’s law fit far better to
the data than the BET model.
and varying humidities. Interestingly, for the bare PEN substrate, the deviation of WVTRs, measured at
nominally the same condition, is low (for example compared to the ZTO barrier, see Fig.7.2.1). This low
deviation confirms that the setup itself provides reproducible conditions for different samples, i.e. large
deviations among nominally the same samples which are evaluated at the same conditions are caused by
deviations among the samples. Compared to the reference WVTR (data sheet), the measured WVTR at
38 °C and 90 % rh is lower by ca. 15 %. Taking the limited corrosion speed of calcium into account (see
Sec. 5.4), this is a well-accepted deviation. To reiterate, the Langmuir model and Henry’s law fit better
to the data than the BET model.
In Section 2.5.2, the concept of a lag time required to establish the permeation equilibrium is pre-
sented. Contrary to measurements with high barriers on top, the current-vs.-time-curves obtained for
bare PEN substrates (see Fig. 7.3.2) clearly exhibit a lag time and follow the theoretical behavior. Equa-
tion 2.5.9 describes the permeated mass Q as a function of time t and is valid during the lag time as well.
When applied to the calcium test, the formula can be written as
I(t) =U ·a ·
[
h0− MCa2 ·ρCa ·
(
D · t · c1
l
− l · c1
6
− 2 · l · c1
pi2
·
∞
∑
n=1
(−1)n
n2
· exp
[
−D ·pi
2 ·n2 · t
l2
])]
. (7.3.1)
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Figure 7.3.2: The current-vs.-time-curves from electrical calcium tests of Figure 7.3.1 are shown together
with theoretical fit curves (D = 1.4 · 10−9cm2 · s−1). The inset shows the corresponding concentrations of
water in the ambient side of the PEN foil. This concentration is found to depend linearly on the relative
humidity (rh) in the surrounding air air.
.
U voltage
a proportionality factor (summarizing geometry and resistivity of calcium)
h0 initial calcium thickness
MCa molar mass of calcium
ρCa mass density of calcium
D diffusion coefficient of water in PEN
t time
c1 concentration of dissolved water at ambient PEN side
l thickness of the PEN substrate
To fit the formula to the data, the fit parameters a, D, and c1 are varied. For the diffusion coefficient D,
values obtained are in the range of (1.3–2)·10−9 cm2 · s−1 which is in excellent agreement with values
found in the literature of (1.28–2.54)·10−9 cm2 · s−1 [143]. For the fit curves depicted in Figure 7.3.2, the
diffusion coefficient was set to a constant value of 1.4 · 10−9 cm2 · s−1 to reduce the degree of freedom
for the calculation of the concentrations (see inset). The corresponding concentrations of dissolved water
in the ambient side of the PEN substrate (c1) are shown in the inset: Not only Henry’s law, but also the
Langmuir model, states a linear dependency between water concentration and relative humidity. This
is surprising, since the models yield clearly different curves in the graph WVTR vs. relative humidity
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(Fig.7.3.1). However, since single data points influence the results, and since the measured curves are
similar but not identical at nominally the same conditions, this discrepancy (Langmuir being equal to the
linear model in concentration but not with regard to WVTR vs. humidity) is not a critical one. While
the agreement between theory and experiment is surprisingly good, the theoretical and measured curves
deviate slightly, e.g. an initial decrease as well as a dip roughly at the lag time can be found in all of the
measured curves. Potential causes for those deviations are laterally inhomogeneous calcium corrosion,
temperature adjustment in the first stage of the measurement, low amounts of water in the substrates at
the beginning of the measurement, the inhomogeneous nature of the used PEN (biaxially stabilized), and
a concentration-dependence of the diffusion coefficient D.
This investigation was conducted with a guard-ring (see Sec. 6.2.4). However, as the bare polymer
has no brittle, inorganic barrier on top, the guard-ring should not have distorted the results.
The calcium test investigation of the bare PEN substrate showed the expected lag time, a WVTR
highly comparable to the data sheet, yielding a diffusion coefficient value which agrees well with that in
literature.
7.3.2 Al2O3 on Polymer Substrate
In this section, the previous investigation is repeated with a thin layer of Al2O3 (ALD) on top of the PEN
foil. The barrier performance of an Al2O3 layer at 38 °C and different humidities is depicted in Figure
7.3.3. The ca. 20 nm thick barrier was deposited in an ALD process at 80 °C (200 cycles: 0.35 s TMA
pulse / 0.75 s pumping / 15 s ozone / 10 s pumping) onto a planarised PEN substrate (150 mm x 75 mm).
The release liners (protection foils) on both sides of the substrate were removed prior to the deposition.
To ensure that only the planarised side is covered, the foil was fixed onto a glass wafer with Kapton tape
along the entire perimeter. Here the planarised side pointed towards the chamber, i.e. was exposed to the
ALD precursors. Afterwards, the substrate was degassed in a glovebox at 80 °C for 5 days prior to the
evaporation and back-encapsulation of 18 calcium test structures on it. Finally, it was cut into 18 single
samples with scissors.
Compared to the bare PEN substrate (Fig. 7.3.1), the improvement in WVTR due to the ALD layer
(Fig. 7.3.3) is 2–3 orders of magnitude. In fact, several values even surpass the ZTO barriers (Fig. 7.2.1)
and are close to the background rate of 1 ·10−4 g(H2O) ·m−2 ·d−1. However, the deviations are large –
especially at 90 % rh – compared to the measurements of the previous sections (accordingly, none of the
sorption models fit the data very well). In the previous section, the setup was found to reliably provide
constant climate conditions. Hence the cause for the large deviations must be found within the samples,
possibly due to: Slight differences in handling, deviations in the local substrate quality, or a residual
influence of the calcium on this thin barrier film. As there is a multitude of low WVTRs even at 90 %
rh, those low values can be seen as the attainable WVTR level for this barrier. Hence, the higher values
represent barriers which are marked with some kind of failure. It could well be that the small layer
thickness makes those barriers extraordinarily prone to failures caused by mechanical interaction with
the calcium or handling. This would explain the smaller deviations found for the ZTO barrier.
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Figure 7.3.3: WVTRs of 20 nm thick Al2O3 layers (ALD); the inset shows the lower values in detail. Com-
pared to the substrate, the WVTRs are 2–3 orders of magnitude lower. Large deviations dominate, even at the
same conditions, which hinders an appropriate fit by any of the sorption models.
Regarding the calcium test, this experiment stresses the need for a layout with a minimum of barrier
handling: While the deviations might be caused by the substrate, the layout does not allow the exclusion
of the handling as an alternative explanation for those deviations. Evaporating the calcium onto glass
(instead of the barrier) and gluing this glass onto the barrier foil lying flat on the ground during the whole
preparation would reduce mechanical stresses caused by the calcium test or its preparation. In case of
large deviations, even for such a stress-reduced calcium test layout, an optical calcium test with a thick
polymer buffer layer such as glue, but without a gas volume between barrier and calcium, could be used
to manifest the visible defects and investigate their origin.
In this experiment, ALD was not able to provide a robust barrier on foil with a reproducible perfor-
mance. However, some samples exhibited excellent WVTR values at the detection limit of this setup.
Hence, investigating the cause of these deviations might allow one to reproduce these excellent values
and probably increase the robustness by adding a protective layer.
7.3.3 Al2O3 as Thin Film Encapsulation
Atomic layer deposition can also be used to deposit barriers directly onto organic devices (via thin film
encapsulation). To evaluate the performance of such a thin film encapsulation, three different types of
samples were encapsulated: (i) glass substrates with a 100 nm thick copper layer to investigate the defect
density (Sec. 3.2.9.3), (ii) calcium test samples to measure the WVTR, and (iii) OLEDs to investigate the
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impact on the degradation speed of a device. On those samples, the influence of varying Al2O3-thickness
on the barrier was investigated: In each of five ALD runs (15, 20, 25, 50, and 100 nm thickness; process:
80 °C, ca. 0.1 nm per cycle, 0.35 s TMA pulse / 1 s pumping / 15 s ozone / 10 s pumping), samples of
each type were simultaneously covered with Al2O3 to ensure optimal comparability between the results
of different sample types.
7.3.3.1 Defect Density Investigation by Electroplating into Defects
On the copper samples, the defects in the Al2O3 layers were rendered visible via electroplating (see
Sec. 4.5). These experiments as well as the creation of the corresponding electroplating setup and -
procedure were performed within the diploma thesis of Peter Schmidt [146], whom I had the pleasure of
supervising during his work at the institute. The defect densities found in the thickness series of ALD
layers are shown in Figure 7.3.4 for barrier thicknesses between 15 and 100 nm. Obviously, 15 nm of
Al2O3 (ALD) constitutes a closed barrier film. However, there are defects. While the fluctuation of their
density is high, the graph clearly indicates a strong decrease in defect density with Al2O3 thickness.
Thereby the reduction of defects is not constant, but instead more pronounced for small layers (around
20 nm) than for thick layers (around 75 nm). In other words: Defects differ in their ability to be closed
by ALD. In a 15 nm thick ALD barrier, there are many defects left which can be easily closed by a few
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Figure 7.3.4: Defects in Al2O3 (ALD) thin films of different thicknesses were rendered visible by the elec-
trodeposition of copper. The continuous line (as a visual guide) highlights the decrease in defect density
with increasing Al2O3 thickness. Thereby, the improvement gained by adding additional layers is reduced by
increased thickness.
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more ALD cycles, but what remains after closing the easy ones are the tough ones. These latter ones
increasingly reduce the benefit of a single ALD cycle.
The defect density of ca. 0.6 mm−2 for an Al2O3 (ALD) thickness of 25 nm well compares to the
0.38–0.59 mm−2 found by Zhang et al. [179] on a nickel-covered silicon wafer for the same thickness
of Al2O3 (ALD). The defect density measured in this experiment on planarised PET (Melinex HCSTX1,
DuPont Teijin Films) was only slightly higher (ca. 1 mm−2) and stresses the superior quality of ALD
films compared to other technologies, namely a defect density of 100 mm−2 in a SiOx or SiN (PECVD)
film on PET [30]. As multilayer barriers benefit from high distances between defects of adjacent barrier
layers, the low defect densities possible with ALD (< 1 mm−2) might enable the production of multilayer
permeation barriers with extremely long lag times (compare simulations for the tortuous path model
described by Graff et al. [54]).
7.3.3.2 Barrier Performance Investigation via Electrical Calcium Corrosion Test
The barrier performance of Al2O3 (ALD) was also investigated by means of the electrical calcium test.
As explained in Section 6.2.6, the calcium was covered by a 100 nm thick C60 layer to avoid damages
fo the barrier by the corroding calcium. As a consequence, C60 was the substrate material for the ALD
process. After the ALD process was complete, the samples were aged at 38 °C and ambient humidity
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Figure 7.3.5: WVTRs of Al2O3 thin film barriers measured with electrical calcium tests. As illustrated by the
visual aid curve, the improvement in WVTR due to additional layer thickness is more pronounced for thin than
for thick layers. The inset sketch shows the cross section of the sample.
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(15–20 % rh); higher humidities were avoided to prevent the Al2O3 from corrosion (see Sec. 3.1.3). For
this experiment, an earlier sample layout (Fig. 6.2.1) was used.
The WVTRs measured for different Al2O3 layer thicknesses are presented in Figure 7.3.5: The water
ingress was as low as 4 · 10−5 g(H2O) ·m−2 ·d−1 for a 100 nm thick Al2O3 layer. Assuming a linear
increase of the WVTR with increasing humidity (Henry’s law; the aspect of barrier corrosion being ne-
glected), this would be equivalent to ca. 2 ·10−4 g(H2O) ·m−2 ·d−1 at 90 % rh – an excellent value for a
single barrier film (for a comparison see Sec. 2.5.4). This WVTR investigation (see Fig. 7.3.5), as well
as the defect density investigation (Fig. 7.3.4), agree based on two aspects: (i) With thicker ALD layers,
the values become more reproducible (= less deviation). (ii) While initially the barrier quality greatly
improves with increasing thickness, the quality levels off or improves only slightly for thick layers; in
other words, the closure of residual holes (defects) by using additional ALD cycles is more effective for
thin Al2O3 layers than for thick ones.
7.3.3.3 Barrier Performance Investigation via OLED degradation
The following experiment is part of the bachelor thesis of Markus Hähnel [62], whom I had the pleasure
of supervising during his work at the institute. Within this experiment, the performance of Al2O3 (ALD)
barriers of different thicknesses was investigated by means of OLED degradation (red OLEDs, stack
described in Sec. 4.3.3). In contrast to the previous samples, the OLEDs possessed an initial encap-
sulation: a 100 nm thick aluminum top electrode. Hence, ALD had the task to close the defects left in
this aluminum top layer. After the ALD process, the OLEDs were stored at 38 °C and ambient humidity
(15–20 % rh) for 45 days with no voltage applied. For intermediate degradation monitoring, the OLEDs
were temporarily removed from the aging box several times: A voltage of 5 V was applied and images
of each single pixel were captured (MikroCam 5.0MP, Bresser) under a light microscope (Labophot 2,
3.2x magnification, Nikon). The images were evaluated with respect to their inactive area (black spots).
Thereby, degradation from the edges was cut out prior to black spot evaluation.
The mean degradation rate for each individual OLED pixel (i.e. the loss of active area per time) dur-
ing the 45 days of aging is shown in Figure 7.3.6. Additionally, the graph shows the average degradation
rate of all pixels with the same Al2O3 thickness. Despite some deviations, the degradation rate clearly
decreases with increasing Al2O3 thickness. This is consistent with the trend towards lower defect densi-
ties (electrodeposition of copper) and lower WVTRs (calcium tests) with increasing barrier thickness. In
accordance with the former results, the deviations decrease with increasing Al2O3-thickness. Defining
80 % performance as the end-of-device lifetime and assuming moderate conditions (38 °C, 15–20 % rh),
an OLED thin film encapsulated with only 20 nm Al2O3 would live for one whole year; for 50 nm Al2O3,
the theoretical lifetime would even exceed 40 years.
Note that for the 100 nm thick Al2O3 layers, no OLED-results are shown, because the OLEDs did
not survive the ALD process: While annealing an OLED with 25 nm Al2O3 on top at 80 °C for 6 h
(the process time for 100 nm Al2O3 was ca. 7 h) did not cause any obvious failure of the OLED, SEM-
pictures revealed several large cracks going through the Al2O3 as well as through the aluminum electrode.
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Figure 7.3.6: OLEDs with ALD barriers of different thicknesses were stored at 38 °C and ambient humidity
for 45 days. Black data points show their mean loss rate of active area, red data points the average loss rate of
active area for all samples of the same thickness. The inset gives an example of such an OLED. The loss rate
of active area decreases with barrier thickness, but this decrease is more pronounced for thin than for thick
barrier layers.
Probably the difference in thermal expansion coefficients between the Al2O3 (αAl2O3 = 4.2 · 10−6 K−1,
[113]) and the glass substrate (αglass = 3.25 · 10−6 K−1, [151]) was enough to cause the 100 nm thick
layers of Al2O3 to crack, while the thinner layers withstood the thermal stress (cracks occur at higher
stresses for thinner layers; see [78]). However, as the 100 nm thick Al2O3 layer on the calcium test
samples obviously did not crack (permeation values would be worse), the interaction with the aluminum
top electrode may have played a role as well.
7.3.3.4 Black Spot Density in OLEDs
In addition to the aforementioned comparative experiment, an additional experiment was conducted and
published [157] in cooperation with the Namlab gGmbH and the IHM (TU Dresden): Thin film encapsu-
lation of OLEDs on glass at low temperatures but with equal layer thickness was investigated for varying
ozone pulse durations (50 °C, 200 cycles: 0.3 s TMA pulse / 0.75 s pumping / X s ozone / 0.5·X s pump-
ing). According to XRR-measurements (X-ray reflectivity), the density of those layers increased with
the increased ozone pulse duration and reached saturation at around 15 s. For aging purposes, the thin
film encapsulated OLEDs were stored at ambient conditions for 91 days and investigated under a light
microscope with respect to their number of growing black spots, i.e. defects going through the aluminum
top electrode as well as the Al2O3 layer. In addition, non-growing black spots (ca. 30 mm−2 counted on
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Figure 7.3.7: OLEDs thin film encapsulated by 20 nm Al2O3 (ALD): The density of growing black spots
decreases exponentially with the ozone pulse duration of the ALD process. Densities of growing defects
far below 0.5 mm−2 are reached for pulses of 15 s or more. Single OLED pixels after 91 days of storage at
ambient conditions are depicted as insets (a-c). The sketch illustrates the difference between growing and
non-growing black spots. (Adapted with permission from [157])
an area of 2.5x2.5 mm2; roughly comparable to OSCs with 60±4 mm−2) were visible. This visibility is
due to the fact that the OLEDs were transferred through ambient air prior to the ALD process.
The results of this experiment are depicted in Figure 7.3.7: With increasing ozone pulse duration, the
density of growing black spots decreases exponentially and reaches values far below 0.5 mm−2 for ozone
pulse durations of 15 s or more. In such cases, degradation from the edges dominates over degradation
on the OLED itself. This experiment confirms an important fact, namely the that the improvement in
barrier performance of ALD layers can not only be reached by higher temperatures (critical for OLEDs)
or thicker barriers (mechanical problems), but also by a higher film density reached by elongation of
pulse durations. Probably even a higher precursor pressure without requirement to elongate the process
time would lead to a significant barrier improvement.
In summary, Al2O3 layers produced by ALD (ozone-TMA-process) reach remarkable low defect
densities and WVTRs which are further improved by increasing barrier thickness as well as longer ozone
pulse durations. As the barrier quality (nearly) saturates at low defect densities, several thin ALD layers
interrupted by polymer interlayers (multilayer approach) might create a better barrier than a single Al2O3
layer produced by the same number of ALD cycles.
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7.4 Summary and Conclusions for the Investigated Barriers
The following barriers were evaluated: thermally evaporated aluminum, magnetron sputtered ZnSnO
(single and double layer), as well as atomic layer deposited (ALD) Al2O3 on polymer substrates and as
thin film encapsulation.
For aluminum (thermally evaporated) barriers, defect densities were ca. 60 mm−2 for OSCs and
ca. 30 mm−2 for OLEDs. Water ingress occurred mainly through large macro defects visible under an
optical microscope. This water ingress was found to depend linearly on the radius of those macro defects.
Thus, it can be predicted from examining high-resolution images of the barrier – a non-destructive and
fast method for barrier evaluation.
Al2O3 (ALD) applied to aluminum barriers was able to strongly improve the barrier performance by
closing defects: Only 20 nm of Al2O3 reduce the defect density on OLEDs by one order of magnitude
(< 3 mm−2) and lead to a lifetime exceeding a year at moderate conditions. In accordance with the
results on aluminum, single Al2O3 (ALD) barrier layers exhibit a very low defect density (< 1 mm−2)
and WVTR. In all investigations, the barrier measures (OLED lifetime, defect density, WVTR) improved
with increased barrier thickness. However for thick layers, the barrier performance saturates or only
improves slightly with increasing thickness. This indicates that defects in aluminum (to be covered
by ALD) and pure ALD barriers differ in their resistance against closure: Most of the defects can be
easily closed by a slight increase of layer thickness or quality (pulse duration for ALD), but the effort to
close further defects grows exponentially. Nevertheless, ALD proved to provide excellent barriers with
extremely low defect densities. To further increase the barrier quality, one can increase layer thickness
(which is mechanically critical), temperature (which is critical for devices), precursor pulse duration
(process time), or shift to multilayer barriers. On foil substrates, the thin ALD layers showed excellent
barrier properties but also a low reproducibility. The latter observation indicates the sensitivity of the
ALD layers and stresses the need for a covering polymer protection layer. In a nutshell, an extensive
study of Al2O3 (ALD) barriers was conducted on a variety samples (copper on glass, calcium-tests on
glass and polymer foils, and OLEDs) and these barriers were investigated in terms of defect density,
WVTR, and device lifetime. For all kinds of samples, ALD was able to create extraordinary performing
single-film barriers.
The WVTRs of PEN polymer substrates were measured with a high reproducibility, indicating the
homogeneity of the polymer as well as the constancy of climate conditions provided by the setup. The
latter observation is important for the metrology. Applying sorption models to those data as well as to the
ZTO data shows that the linear (Henry’s law) or slightly convex (Langmuir model) dependency fits better
to all data than the complex Brunauer-Emmett-Teller model. One can surmise that the concentration of
dissolved water in the polymer (in contrast to the adsorbed water on the polymer) saturates. The current-
vs.-time curves of the electrical calcium test for the bare PEN substrate not only show the expected lag
time, but additionally return a diffusion coefficient highly comparable to literature values when fitted
with the theoretical curve.
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While single ZTO (magnetron sputtered) barriers showed larger deviations in the WVTR for con-
stant climate conditions than the bare PEN foil, these deviations are small compared to those of the ALD
barriers on foil. The dependency between WVTR and relative humidity is roughly linear, but the Lang-
muir model fits better. More data would be required to decide which of those two sorption models needs
to be applied. The multilayer ZTO barrier (POLO barrier) showed a constant WVTR independent of the
external humidity but dependt on temperature. According to a reference measurement using isotopically
labeled water, this constant WVTR represents the background rate of our measurement setup at the given
temperature.
The following conclusions can also be drawn for the calcium test: As seen in the case of aluminum
barrier, electrical calcium tests reliably (similar to the optical test) measure the WVTR, even in the case
of laterally inhomogeneous corrosion. Calcium test reliability was also proven by the investigation con-
ducted on the bare polymer foil – the reference WVTR was nearly reproduced and the diffusion coefficient
from the measurement was highly comparable to literature. As further improvements, larger calcium
samples (lower deviation) with several calcium pads (statistics) at once as well as calcium evaporation
on another substrates than the barrier is emphasized. However, for calcium tests in general as well as for
our setup in particular the conducted experiments highlight the potential to measure massive amounts of
samples simultaneously – a significant benefit for long-term experiments.
Thin film barriers, as well as barrier foils, were produced using several methods and investigated
by using electrical calcium tests. Using the present setup, WVTRs down to the level of the medium
10−4 g(H2O) ·m−2 ·d−1 range were measured at 38 °C, the values and dependencies being consistent
with reference values and qualitative results from other methods (OLEDs, defect density by electroplat-
ing). Barrier performances on foils exceeding this setup’s sensitivity were reached by ALD and the
POLO barrier.
101
7 Barrier Investigation
102
8 Encapsulation and Lifetime of Devices
The previous chapters have been motivated by the need for encapsulation of organic devices.
However, most of the experiments in the previous chapter describe barrier investigations and
do not study the actual encapsulation of devices. Therefore, the first section of this chapter
introduces the phenomenon of organic device degradation in ambient atmosphere from a
phenomenological view. The second section presents a comparative aging experiment of an
OLED and a calcium test covered by nominally the same barrier. The third section repeats
this experiment for an OSC. Both experiments identify water – not oxygen – as the predom-
inant cause of degradation for the investigated devices. They also quantify the amount of
water reducing the active area to 50 % of the initial area. Furthermore, it is shown for OSCs
– and expected for OLEDs – that this T50-water-uptake is independent of climate conditions.
The T50-water-uptake represents the missing link between the need to protect devices over
a defined lifetime and to have a well-measurable quantity for a barrier, namely the WVTR.
Several text passages on the investigation of OSC degradation have already been published
and are reprinted with permission from [89] (Copyright 2013, Elsevier B. V.).
8.1 Phenomenology of Device Degradation in Ambient
Atmosphere
Organic devices without an additional encapsulation degrade quickly in ambient atmosphere. This phe-
nomenon of degradation is illustrated in Figure 8.1.1 for devices on glass and is basically the same for
OSCs as it is for OLEDs: External gases (like moisture and oxygen) are usually blocked by the covering
top electrode but penetrate the device at its uncovered areas, namely defects like pinholes, scratches, or
cracks in the aluminum as well as the device edge (Fig. 8.1.1-c). Starting from these uncovered sites, the
gases spread into the device. The presence of these gases makes the affected areas inactive. At the edge
of the device (a straight line), this spreading of gas leads to a straight degradation front. Around small
defects, the degradation front has a circular shape. Over time, all of these degradation fronts move on
into the active areas until no active area is left. Note that the OLED in Figure 8.1.1-b was actually thin
film encapsulated by ALD (see Sec. 7.3.3.4). Therefore, most of the defects in the aluminum electrode
were closed by the ALD barrier, and the corresponding black spots stopped growing. In accordance
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Figure 8.1.1: Loss of active area (degradation) caused by external gases is shown for organic devices with
an aluminum top electrode. (a) The active areas of an OSC are made visible by electroluminescent imaging
(ELI). Circular defects as well as degradation from the edges can be seen. The intensity gradient is an artifact
caused by electrode resistance. (b) The aged OLED exhibits the same structures as the aged OSC. Due to
ALD encapsulation of this OLED (see Fig. 7.3.7), only a few of the initial defects grew. Edge degradation is
also reduced. (c) Cross-section of a device: Principle paths of gas ingress into a device and the consequent
formation of inactive areas are illustrated. ((a) and (c): Adapted with permission from [89]. Copyright 2013,
Elsevier B. V.)
with these findings, diffusion from the edges of the aluminum layer is hindered wherever the aluminum’s
protective function is continued over the electrode-free area by an intact ALD layer.
Naturally, organic devices can also degrade due to intrinsic causes. However, the intrinsic stability of
the devices chosen for this work by far exceeds the stability against external gases. As a consequence,
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Figure 8.1.2: Individual solar cells which are present
at different stages of aging at the time during this
experiment: The remaining device efficiency is pro-
portional to the residual active area determined by
electroluminescence-imaging (ELI). Hence, degrada-
tion is caused by a loss of active area. (Adapted with
permission from [89]. Copyright 2013, Elsevier B. V.)
the loss of active area is the dominant cause
of degradation. This means that efficiency
and active area are proportional, which can
be seen by unencapsulated ZnPc/C60 OSCs in
Figure 8.1.2, but can reasonably be assumed
for OLEDs as well.
Thus far the degradation of devices has
been qualitatively described. Nevertheless,
in order to design an appropriate encapsula-
tion, the requirements set by the devices must
also be evaluated quantitatively. The follow-
ing two sections deal with quantitative evalu-
ations for OLEDs and OSCs. The results of
OLEDs and OSCs are based on the bachelor
theses and presented by courtesy of Markus
Hähnel [62] and Markus Karl [82], respec-
tively, whom I had the pleasure of supervising
during their work at the institute.
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Figure 8.2.1: The comparative experiment OLED vs. calcium test with the goal of quantifying the amount of
water leading to OLED degradation. (a) The evaporated stack of the OLED ends with a barrier: The aluminum
top electrode. Al2O3 (ALD) is added as an additional barrier layer. For the calcium test, the evaporated stack
is substituted by calcium (i.e. a water sensor) and C60 (for mechanical decoupling). The barrier layers and
the top organic layer, i.e. the substrate for the barriers, however, is adopted from the OLED. (b) Images of an
OLED and a calcium test sample after 29 days of aging at 38 °C and ambient humidity (15–20 % rh). For the
calcium sample, additional back illumination renders the holes in the aluminum barrier visible (represented
by the small bright dots in the center of each dark area).
To quantify the amount of water required to degrade an OLED (see stack design in Sec. 4.3.3) in a
comparative study, two types of samples were prepared on glass substrates (see Fig. 8.2.1-a), namely
usual OLEDs and calcium tests (previous design, see Fig. 6.2.1). This experiment is based on the
idea that calcium can quantify the amount of water to which it is exposed. As a consequence, calcium
encapsulated using the same barrier as the OLED device determines the quantity of water ingress through
this encapsulation. When aged simultaneously, the degradation speed of the device can be related to the
water ingress monitored by the calcium. However, to ensure that the barrier, i.e. the aluminum top
layer, is the same as on the device, it should be grown on the same substrate material. Therefore, the
calcium test was not only covered with a C60 layer (100 nm) for mechanical decoupling (which does
not influence the WVTR, see Sec. 7.1), but also by a 10 nm thick layer of BPhen:Cs prior to the final
aluminum top layer. Finally, the samples were covered with 15 nm of Al2O3 by ALD. The identical
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samples have already been used in Section 7.3.3.3, but their counterparts with thicker ALD layers were
excluded from the evaluation of water-uptake. With increasing ALD thickness, the number of growing
black spots decreases and, therefore, the edges eat up the center before a significant degradation in the
center can be investigated.
Figure 8.2.1-b shows microscopic images (microscope: Labophot 2, 3.2x magnification, Nikon; cam-
era: MikroCam 5.0MP, Bresser) of one of seven OLED pixels5 and of one of three calcium test samples
stored together at 38 °C and ambient humidity (15–20 % rh) for 29 days with no voltage applied to the
OLEDs. To enable top illumination under the microscope (required for calcium samples), a blue LED
illuminated the sample through the second ocular. All of the samples were observed from their bottom,
i.e. through the glass substrate. To evaluate the fraction of degraded area, the edges of the OLED pic-
tures were excluded; the fraction of degraded or corroded area was determined by using a common image
processing software. Furthermore, the number of degrading spots per sample were counted.
As we assumed, the density of degrading spots on the OLEDs of (5.1± 1.9)mm−2 was equal to
the density of corroding spots on the calcium test samples of (5.2± 0.9)mm−2. Hence, the barriers
protecting the OLEDs and the calcium tests are comparable. Over 29 days of aging, the OLEDs lost
(6.6±2.2)% of their active area while (9.9±2.9)% of the calcium area was corroded. Since the corro-
sion of the calcium consumes 84 mg(H2O) ·m−2, a reduction of the active OLED area by 50 % requires
as much as (63±28)mg(H2O) ·m−2 of water.
Thus far, these results show only the water ingress co-occurring with OLED degradation, but not
automatically causing it – other gases (like oxygen) enter the device at the same time. Hence, four addi-
tional OLED pixels (= one substrate) were aged at 38 °C and 70 % rh. Their aging speed was accelerated
by a factor of 10± 5 (large barrier deviations for thin ALD layers; see Sec. 7.3.3.3) compared to the
aging of the OLEDs at 38 °C and ambient humidity (15–20 % rh). These OLEDs were not protected by
a macroscopic encapsulation, however corrosion of the aluminum top contact – which would strongly
reduce its barrier performance against all gases – was not observed. Hence, the strong increase in degra-
dation rate is attributed to the higher partial pressure of water. As the partial pressure of other gases (like
oxygen) was the same in both experiments, water is the dominant cause of degradation for this OLED
stack.
Note that for the evaluation only the optical calcium test results were used even so electrical data
were monitored, too. The reason for leaving out electrical data are leakage currents over the aluminum
top contact which distorted the electrical measurements: The overall current was too high to be attributed
to the calcium, and the current even increased occasionally during the measurement. This problem was
avoided in later experiments (see Sec. 7.1).
From this experiment, the value of (63±28)mg(H2O) ·m−2 to degrade 50 % of the OLED area (T50-
water-uptake) was obtained. Furthermore, water was found to be the dominant cause of degradation. In
addition, the methodical experience gained through this experiment (bachelor thesis of Markus Hähnel)
5The 8th pixel of the two substrates could not be evaluated due to a large scratch caused by handling.
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helped a great deal for the following experiment (bachelor thesis of Markus Karl) which investigated the
T50-water-uptake of OSCs:
• For the T50-water-uptake, degradation in the center of the device is investigated. Hence, additional
barrier layers closing defects and thereby increasing the importance of the sample edge (like Al2O3
(ALD)) should not be used.
• Electrical leakage currents over a covering top electrode distort the electrical calcium test. Instead,
parallel contacting of the aluminum top layer adds a constant current offset, leaving the electrical
calcium test untouched (see Sec. 7.1).
• Many large defects (bright spots in the Ca(OH)2 circles of Figure 8.2.1) can be – and therefore
should be – investigated with a simple optical microscope.
8.3 OSC Degradation Investigated by Calcium Tests
This section presents an investigation of how much water is required to degrade an OSC. Its metrology
is analog to the previous experiment using OLEDs, but additionally investigates the climate dependency
of the T50-water-uptake. The experimental work and subsequent evaluation were performed together
with Markus Karl during the course of his bachelor thesis and published in Solar Energy Materials and
Solar Cells [89]. All graphics and most of the text originate from this publication. Note that those parts
of the work related to the investigation of aluminum as a barrier have already been described in Section
7.1. Hence, this section adds the aspects of OSC aging results as well as the comparison of OSCs and
calcium tests.
8.3.1 Materials and Methods
Preparation of the calcium test samples as well as their methods of evaluation (electrical method, optical
method, and defect method) have already been described in Section 7.1 regarding aluminum as a thin
film barrier. The preparation of the OSCs was described in the experimental Section 4.3.3. Figure 8.3.1
illustrates the two types of samples used for this comparative experiment. For the calcium samples –
Figure 8.3.1: The comparative experiment
OSC vs. calcium test to quantify the amount
of water causing OSC degradation. As for the
OLED-experiment, most parts of the device
(OSC) are replaced by calcium (sensor) and
C60 (mechanical decoupling) while the barrier
is the same for both. For this experiment, no
additional barrier layer was used, but a PET
foil was glued on top of the aluminum to pre-
vent it from corroding in high-humidity atmo-
sphere. (Reprinted with permission from [89].
Copyright 2013, Elsevier B. V.)
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analog to the OLED-experiment – most of the device has been substituted by calcium (acting as a water
sensor) and C60 (for mechanical decoupling), but the final layer of the device remained to ensure the
growth of the aluminum thin film, i.e. the barrier, being comparable on the OSC devices and the calcium
test samples.
8.3.1.1 Aging Setup
All samples were aged under four controlled climate conditions – 3 calcium tests and 3 solar cell sub-
strates for each condition. The temperature was kept constant within a range of±1 °C. A defined humid-
ity was provided by saturated salt solutions (see [147]): LiCl for 38 °C and 11 % rh (relative humidity),
Mg(NO3)2 for 20 °C and 54 % rh, Na2SO4 for 38 °C and 90 % rh, and NaBr for 65 °C and 50 % rh. To
avoid corrosion of the aluminum top layer under conditions with high humidities, we protected all sam-
ples aged by > 11 % rh using a PET foil (Melinex HCSTX1, 175 µm, DuPont Teijin Films) which was
degassed in a nitrogen-filled glovebox at 60 °C over 24 h and glued onto the samples using a UV-curable
glue (XNR 5590, Nagase Chemtex Corporation). While this adds an additional barrier, the comparison
between solar cells and calcium tests is not affected, due to the barrier being the same for both of them.
8.3.1.2 Solar cells
Two solar cells per substrate, i.e. 6 per measurement condition, were illuminated by a white-light LED
(Z-LED P4, white, 240lm, Seoul Semiconductor). We set the light intensity to 1 sun, proven by an
equal short circuit current of the solar cell under our setup and a mismatch corrected reference AM 1.5
light source with an intensity of 1 sun. Once per hour, the I-V-curve of each solar cell was measured.
Solar cells with macroscopic damages (scratches) to the aluminum top electrode, i.e. extraordinary fast
degradation, were removed from the evaluation. The full set of samples – solar cells and calcium tests –
aged at one climate condition was removed from the aging setup, when the efficiency of the solar cells
dropped to 50 % of the initial value (T50). The solar cells were investigated by electroluminescence-
imaging (ELI, [142]) to evaluate the residual active area and to identify and compensate for the fraction
of degradation caused by edge diffusion (see Fig. 8.1.1). The defect density of the aluminum top layer
was investigated under the microscope (Labophot 2, 10x magnification, Nikon) on a total of 5 mm2 by
illuminating a non-aged, PET-covered solar cell from the bottom, and subsequently counting the bright
spots of light shining through the aluminum.
8.3.1.3 Electroluminescence-Imaging
Exciting the solar cells with a constant forward voltage makes them emit light from their photoactive
layers. The light is collected with a back-illuminated and cooled silicon charge-coupled device camera.
However, light emission requires the injection of charge carriers from the electrodes as well as the pho-
toluminescence of the organic layers. Hence, this method called electroluminescence-imaging allows
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the identification of deficiencies related to charge carrier injection (electrodes) or photoluminescence
(organic layers). Further information about this method can be found in the literature [141, 153].
8.3.2 Results
8.3.2.1 Solar Cell Evaluation
We aged our organic solar cells at four different climate conditions, to investigate the dependency be-
tween degradation speed and climate condition. For each climate condition, the solar cells were aged
until their average efficiency dropped to roughly 50 % of the initial value (see Fig. 8.3.2). This drop in
efficiency can be attributed to external gases, since those solar cells are intrinsically very stable, i.e. they
nearly keep their efficiency over at least
1000 hours of operation when they are
well encapsulated [73]. As in our previ-
ous work [73], the degradation via exter-
nal gases could be fitted by a stretched ex-
ponential decay. This observation is at-
tributed to the increasing distance which
ingressing water has to cover to reach non-
reacted parts of the device (see also Sec.
7.1.1).
We found a clear linear dependency
between the efficiency of a solar cell and
its active area after aging (see Fig. 8.1.2),
made visible via electroluminescence-
imaging (ELI). Consequently, the degra-
dation in our experiment is dominated by
a loss of active area due to the ingress of
external gases through defects in and from
the edges of the aluminum top contact.
Figure 8.3.2: Short circuit current for the cells aged at
38 °C and 11 % rh. The aging experiments were stopped
when the average short circuit current (∝ efficiency for the-
ses OSCs [73]) dropped to roughly 50 %. The short-circuit-
current-vs.-time-curves were fitted with a stretched expo-
nential decay (SED). (Reprinted with permission from [89].
Copyright 2013, Elsevier B. V.)
Table 8.1: The solar cells were aged at different climate conditions throughout the measurement time period.
Afterwards, electroluminescence-imaging revealed the fraction of degraded area found on the whole sample
and in the center (edge-corrected; see Fig. 8.1.1).
Condition Measurement Degraded Degraded
Time (h) Area (%) Area (%) (edge-corrected)
38 °C and 11 % rh 291 55 ± 6 37 ± 9
20 °C and 54 % rh 137 60 ± 16 46 ± 16
38 °C and 90 % rh 20 66 ± 17 47 ± 21
65 °C and 50 % rh 25 83 ± 15 71 ± 15
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From the ELI-images (see Fig. 8.1.1), we extracted the fraction of degraded area (i.e. the loss of active
area) on the whole solar cells as well as in the center of the solar cells, i.e. without the edges (see Table
8.1). The degradation found in the center can be attributed to water ingress solely through aluminum
layer defects, and can therefore be compared to the WVTRs obtained by the calcium test degradation.
8.3.2.2 Comparison of Solar Cells and Calcium Tests
We investigated the degradation speed of organic solar cells and, in Section 7.1, the corrosion speed of
calcium samples depending on the climate conditions to which the samples were exposed. To quantify
the impact of water ingress on solar cell degradation, we covered a water sensor (calcium) with nominally
the same barrier. To assure the same water ingress into the solar cells as for the calcium test samples,
we had to verify that the aluminum layer, i.e. the permeation barrier, on both types of samples could be
treated equally. Since the defect densities in the aluminum barriers were equal for organic solar cells and
calcium tests with (60.3±8.0)mm−2 and (65.2±6.1)mm−2, and both aluminum layers were grown on
the same material, we treat both types of aluminum layers as equal. Hence, at the same climate condition,
equal amounts of water ingress can be assumed for the calcium corrosion tests as well as for the solar
cells.
8.3.2.3 Water-Uptake for 50% degradation
The electroluminescence-images of the organic solar cells revealed that degradation of those cells
was caused only by a loss of active area. Additionally, the overall water-uptake of the solar
Water Uptake at T50 (mg⋅m⁻²) 0 10 20 30 40
38 °C /
11 % rh
20 °C /
54 % rh
38 °C /
90 % rh
65 °C /
50 % rh
Defect Method
Electrical Method
Optical Method
(20 ± 7) mg⋅m⁻²
Figure 8.3.3: The observed water-uptake to degrade our or-
ganic solar cells to 50 % is (20±7)mg(H2O) ·m−2 – inde-
pendent of climate condition. Error bars reflect the standard
deviations of the measurements. (Reprinted with permis-
sion from [89]. Copyright 2013, Elsevier B. V.)
cells over the course of degradation was
obtained by measuring the corrosion of
calcium sensors under the nominally same
barrier (an aluminum layer) and climate
conditions. Combining both data sets re-
turns the water-uptake per degraded area
(see Fig. 8.3.3): To degrade 50 % of the
initial active area, (20±7)mg(H2O) ·m−2
have to enter the solar cell. Within the er-
ror range, this water-uptake was indepen-
dent of the external temperature or humid-
ity. In particular, the two measurements
performed at 38 °C, at identical conditions
except with regard to the humidity level,
clarify that the level of moisture – not the
level of oxygen – determines the device
lifetime.
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Therefore, assuming intrinsic stability, the lifetime of these solar cells can be well predicted for new
climate conditions by simply measuring the WVTR of the encapsulation at the assumed operating condi-
tions, as manifested for aging speeds differing by as much as a factor of 15 (see Fig. 7.1.3). Consequently,
the barrier requirement for the lifetime of these organic solar cells can be correctly expressed by a WVTR
– a lab-independent quantity provided in data sheets.
The minor discrepancy to the 10 mg(H2O) ·m−2 found in our former work for nominally the same
cells [73] is a result of these two aspects: (i) We take edge diffusion into account. Our new result would
be (15± 7)mg(H2O) ·m−2 without edge-correction. (ii) We measure directly under the Al barrier, i.e.
use a more precise method. Further literature values for low work function metal electrodes are in the
same order of magnitude: 20 mg(H2O) ·m−2 for polymer solar cells with a Ca/Al electrode [27] and a
theoretical value of 6.4 mg(H2O) ·m−2 required to corrode 5 nm of a magnesium electrode [14].
8.3.3 Conclusions for OSC Degradation
Under varying climate conditions, we compared the degradation of small molecule ZnPc/C60 solar cells
with the corrosion of calcium covered by nominally the same aluminum top layer, i.e. the equal perme-
ation barrier. Thereby, we present a method to extract the water-uptake reducing the performance to 50 %
(T50), applicable for organic solar cells. For the applied material system, we found a T50-water-uptake
of (20±7)mg(H2O) ·m−2. Since this value was the same for the entire investigated temperature range
of 20–65 °C as well as for different relative humidities, water is identified as the predominant cause of
degradation by external gases. The T50-water-uptake defines a precise and objective requirement for
barrier performance. For example, a lifetime of 5 years for our devices requires a barrier with a mean
WVTR of 1 · 10−5 g(H2O) ·m−2 ·d−1 under the climate conditions the solar cell is exposed to during its
lifetime. Via electroluminescence-imaging, we found the solar cell degradation to be caused by a loss of
active area due to water ingress through macroscopic defects in the aluminum top layer.
Table 8.2: Water-uptake capability (assumption: one water molecule per unit, i.e. host molecule or atom) for
some of the materials used in the investigated devices. Due to their large size, the potential water-uptake of
all organic materials is low compared to the water-uptake of metals.
Material Units (molecules or atoms) per Water-Uptake (1x H2O per unit) Reference
Volume (10−4mol ·m−2 ·nm−1) (mg(H2O) ·m−2 ·nm−1)
C60 0.023 0.041 IAPP database
ZnPC 0.027 0.049 IAPP database
α-NPD 0.020 0.036 IAPP database
Cs 0.14 0.25 [102]
Al 1.0 1.8 [102]
Ca 0.4 0.72 [102]
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8.4 Discussion
For the investigated device stacks, the degradation of both OLEDs and OSCs turned out to be very
similar: Degradation is dominated by water ingress from the edges of the aluminum top electrode and
through defects in this electrode. While the T50-water-uptakes of the devices differ slightly – probably
due to additional ignoble materials such as cesium in the OLED – the order of magnitude still remains
the same, namely several 10 mg(H2O) ·m−2. This can be understood by viewing Table 8.2, which lists
the unit density (in terms of molecules or atoms) of several materials used in the investigated devices.
To compare the water-uptake capability, the simplified assumption is made that each organic molecule,
as well as each metal atom, is degraded by (and bonds to) only one single water molecule. According to
this model, the corrosion of only 2–3 nm of the aluminum top contact would take up the same amount of
water as would ca. 45 nm of the organic materials. Taking into account that (i) aluminum actually takes
up 1.5 water molecules per atom (2 Al + 3 H2O→ Al2O3 + 3 H2 ↑), (ii) that Al forms a diffuse interface
on an organic substrate [148], i.e. has a larger surface, and (iii) that only a few organic molecules react
with water [33, 71], the passivation layer formed on the aluminum electrode may take up more water than
the whole stack of organic material. As low work function metals such as aluminum or calcium can getter
the water molecules and form oxides or hydroxides with strong, covalent bonds, a simple accumulation
of mobile, i.e. loosely bound, water molecules within the organic stack is unlikely; the low work function
metal would soon capture those water molecules. As an illustration: For full degradation of an OSC, a
water-uptake of 40 mg(H2O) ·m−2 (2 x T50-water-uptake) would be required, meaning an amount able
to corrode 15 nm of a flat aluminum layer to Al2O3. The corrosion of additional 30 nm Cs (to CsOH)
which are present in the OLED increases the water-uptake by only 7.5 mg(H2O) ·m−2. Hence, the high
T50-water-uptake of (63±28)mg(H2O) ·m−2 found for OLEDs is surprising, only becoming consistent
with the OSC results by taking its large error into account.
While the method of this comparative experiment was already improved from the OLED to the OSC
investigation, the latter investigation also yielded ideas for further improvement. These are: (i) In both
experiments, degradation from the edges as well as a small total area (to average over) limited the preci-
sion. Hence, larger devices should be used for this comparative experiment. (ii) The aluminum barrier on
the calcium generates two systematical errors: The first error is that the aluminum takes up some water as
well, i.e. the calcium test only detects a part of the total water coming through a defect – the part gettered
by the aluminum remains unseen. The second error is that permeation through the aluminum into the
device (or aluminum covered calcium sample) is not limited by the aluminum, but by the diffusion inside
the device below the aluminum (see Sec. 7.1). However, this lateral diffusion speed may depend on
the whole stack of materials and may even occur along interfaces, e.g. the organic/aluminum interface.
Hence, replacing some of those materials by Ca and C60 influences this lateral diffusion speed.
To resolve these two problems, the original motivation for covering the calcium with an aluminum
layer should be kept in mind: The basic precondition for the comparative aging experiment is an equal
rate of water attacking calcium and the device, respectively. This was not the case in earlier experiments
[73] because the device (but not the calcium) was protected by a significant additional barrier, namely
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the aluminum top layer. To provide the same barrier for both kinds of samples, such an aluminum layer
was evaporated onto the calcium in the comparative experiments which are described in this chapter.
However as an alternative, one can use the calcium samples without the aluminum layer (avoiding sys-
tematical errors) and instead encapsulate both devices with a barrier foil having a WVTR of at least an
order of magnitude below the WVTR of the aluminum layer (2 · 10−2 g(H2O) ·m−2 ·d−1 at 38 °C and
90 % rh, see Fig. 7.1.3). As far as there is a gas volume between barrier foil and device (or calcium),
the Ideal-Laminate model (see Equation 2.5.12) is applicable: The flux of water reaching the calcium
and the inner part of the device would be equal, as it would be dominated by the outer barrier foil; the
influence from the aluminum barrier would be negligible. The predicted dominance of the outer barrier
foil over the inner aluminum barrier could be easily proven, since it should lead to a linear decrease
in device performance over time instead of a stretched exponential decay (see Fig. 8.3.2). With these
modifications, the precision of the comparative experiment should be further increased, while the ex-
periment itself should become simpler. To summarize: To further improve the comparative experiment,
the devices should become larger and all samples should be covered by a high barrier foil to avoid the
aluminum layer on top of the calcium.
Understanding the complex degradation of devices is required to improve their air stability. How-
ever, these details are not required to design an appropriate encapsulation. In the previous experi-
ments, it has been shown that a T50-water-uptake can be measured and is independent of climate con-
ditions. Hence, the somehow diffuse demand for an encapsulation allowing a lifetime of 5 years can
now be translated to a clear and objective requirement for this system: a maximum WVTR (around
1 · 10−5 g(H2O) ·m−2 ·d−1). Note that the WVTR is a climate-dependent value. Hence, the calculated
maximum WVTR has to be guaranteed at the climate conditions the device is exposed to during its life-
time, which is of course much easier for an OLED located in an office as opposed to an OSC on a
roof.
Different paths, or even their combination, can be taken to improve the lifetime of organic devices
with respect to external gases. One way is to search for and use air-stable materials and stack designs.
This way requires an in-depth understanding of the various degradation processes inside the device, in-
cluding combined effects of reactive species and irradiation. While this first way would allow one to cut
the (probably significant) encapsulation costs, it limits the range of applicable materials and may lead
to less efficient devices. A second way is to improve the encapsulation technology. However, excellent
barriers seem to require cleanroom conditions, the handling of particles originating from the production
processes themselves, and low speed (due to high precision) deposition processes; low speed means low
in relation to large-area evaporation of aluminum for food encapsulation. Hence, an excellent encapsu-
lation could mean strongly increased costs. A third way – or at least a way to lower the encapsulation
requirements – is the incorporation of getter materials inside the encapsulation, or even inside the device
(see Table 8.2): By including metal atoms (especially aluminum or calcium) as getter materials within
the device itself, the water-uptake would increase per area and extend the device lifetime. To avoid me-
chanical stress caused by the corrosion of a bulk metal getter layer (especially calcium), the metal atoms
could be co-evaporated along with an organic matrix material.
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8.5 Conclusions
The degradation of a common OLED stack and a common OSC stack (ZnPc/C60) – both with aluminum
electrodes – was related to the water ingress into those devices, measured by calcium corrosion tests un-
der nominally the same barriers. For these nearly intrinsically stable devices, water clearly dominates the
degradation process – a degradation which actually equals a loss of active area. As proven for OSCs and
expected to held true also for OLEDs, the amount of water leading to a failure of the devices is indepen-
dent of climate conditions. Hence, the T50-water-uptake (water amount causing 50 % active area loss)
quantifies the device sensitivity against ambient gases. It represents the missing link between the desired
lifetime and the required WVTR – an objective measure of barrier performance. One benefit of this link
is that lifetime investigations of devices under different climate conditions and encapsulations can be
conducted using simple calcium corrosion tests as opposed to more complex and expensive devices.
The T50-water-uptake was measured to be (63±28) and (20±7)mg(H2O) ·m−2 for the OLED and
the OSC, respectively. A higher degree of precision could be reached by investigating larger devices
and covering all samples with a high barrier foil (to avoid the aluminum on the calcium). According
to rough estimations, the capability of a device to take up water is mainly defined by its content of low
work function metal atoms. Hence, increasing their amount inside the devices can be used to increase
the T50-water-uptake and thus lower the encapsulation requirements.
Comparing device degradation with calcium corrosion as well as observing a climate-independent
relation between both reduces the complexity of internal degradation processes inside the device to a
simple, objective requirement for the encapsulation: the T50-water-uptake.
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9.1 Conclusions
Organic devices have recently reached excellent intrinsic lifetimes. However, they still are highly prone
to degradation caused by ambient gases. Hence, protecting the devices from such gases using low-
cost but highly-efficient permeation barriers is necessary to further promote this promising technology.
Within this work, progress has been achieved in the following three areas:
1. The reliable evaluation of permeation barriers via the electrical calcium corrosion test was estab-
lished (see Chapters 5 and 6).
2. A variety of permeation barriers – thin film barriers as well as barrier foils – was investigated (see
Chapter 7).
3. The lifetime of devices (OLEDs and OSCs) was quantified with respect to moisture exposure (see
Chapter 8).
Regarding barrier evaluation via calcium corrosion tests, the quantities relevant for measurements were
determined: the electrical resistivity ((6.2± 0.1) · 10−6 Ω · cm), the optical transmission coefficient
(0.05 nm−1), and the number of water molecules absorbed per calcium atom (N=2). In addition, investi-
gations were conducted to more deeply understand the measured data. The calcium corrosion was found
to be laterally inhomogeneous not only when the calcium film was encapsulated by a defect-containing
thin film (e.g. an aluminum thin film) but, surprisingly, also when the bare calcium was exposed to
a homogeneous gas atmosphere. Using simulation and experimental techniques, this inhomogeneous
corrosion was found to not prevent the electrical calcium test from yielding results which are highly
comparable to optical calcium tests and other reference values. However, such deviations were found
in design details of the sample layout. These details leading to result distortion are: (i) the series resis-
tance of electrodes shared by current- and voltage contacts, (ii) the use of an electrode material which is
unable to withstand the process- or test conditions, (iii) an evaporation sequence probably leading to an
enhanced calcium corrosion at the calcium/electrode-border, and (iv) a direct contact between corroding,
expanding calcium and the inorganic barrier layer under test. Consequently, an electrical calcium test
layout avoiding these influences has been developed. This layout was used to measure three permeation
barriers spanning four orders of magnitude with their WVTRs. For all barriers, the electrical calcium test
measured WVTRs (at 38 °C and 90 % rh) highly comparable to reference values (in g(H2O) ·m−2 ·d−1):
bare PEN (measured: 1.1 ·100; reference: 1.3 ·100), ZTO single barrier (measured: 1.3 ·10−2; reference:
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1.3 · 10−2), and the POLO-barrier (measured: ≤ 2.7 · 10−4; reference: 1–3 · 10−4). Thus, the reliable
evaluation of permeation barriers down to the lower 10−4 g(H2O) ·m−2 ·d−1-regime has been proven for
the present electrical calcium test layout. Even in the transient regime (lag time), the electrical calcium
test obtains reliable results, since the diffusion coefficient determined for PEN was equal in this exper-
iment with regard to results in literature. During the course of this work, the electrical calcium test has
been improved with respect to quality, but also to quantity. The current setup allows for the simultane-
ous evaluation of over 100 samples at controlled, individual climate conditions. The preparation time
for as many as 36 samples has been reduced to less than two days of work. Within the limits set by
the usual sample design at the IAPP, the full potential of test sensitivity appears to have been utilized.
Nevertheless, Section 6.4 lists in detail further steps towards an even higher sensitivity level.
The improved electrical calcium test, as well as the degradation of OLEDs and electrodeposition into
defects, were used to investigate several permeation barriers. The simplest investigated barrier is the
bare PEN foil, since it cannot be damaged by handling or by adjacent calcium corrosion. Interestingly,
the WVTR-deviations between PEN samples, aged at nominally the same climate conditions, is low.
This fact of low deviation proves that the setup itself provides reproducible conditions. However, for
some barriers on foils, moderate (ZTO-barrier) and significant (ALD on foil) WVTR-deviations were
found. Consequently, these deviations can not originate from the measurement setup, but instead either
from barrier inhomogeneities on a macroscopic scale or from damages caused during the preparation- or
evaluation process. Since the ALD-barriers on foil can obviously act as excellent permeation barriers, it
is worth investigating the origin of their WVTR deviations. In order to find this origin, one can start by
using the optical calcium test to characterize the defect shapes. Perhaps, a protective layer (such as that
found on the POLO-barrier) can enhance the reproducibility of the WVTR. However, on polymer foils,
the ALD-barrier as well as the POLO-barrier exceeded the sensitivity limit of the most recent calcium
test layout.
Regarding the relationship between the provided humidity level and the corresponding WVTR, the
experimental results were compared with theoretical models (Henry’s law, Langmuir model, and BET
model) which describe the amount of gas at the (polymer) surface. Note that this amount of water
present at the surface of course influences the concentration of water solved in the bulk material, but
this influence may be nonlinear. However, for the relationship between ambient humidity level and
corresponding WVTR through a barrier, a roughly linear dependency (like with Henry’s law) was found
for bare PEN as well as for the ZTO-barrier. While Henry’s law was applicable, the sorption model from
Langmuir seems to be even more appropriate. Determining the best description for varying humidities
and, subsequently, varying temperatures (probably an Arrhenius-dependency) will require more data.
However, for designing a permeation barrier for a device, it is important that one can reliably predict the
WVTR in the future operational environment based on a measurement at standard climate conditions.
Regarding thin film encapsulation, two systems were investigated: Al2O3 via ALD and Al via thermal
evaporation. Both were extensively investigated, not only in terms of WVTR, but also in terms of defect
density and encapsulation performance on devices. For the ALD-barrier, remarkable defect densities
below 0.5 mm−2 could be reached. In addition, the defect density and, accordingly, the WVTR and the
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lifetime of encapsulated OLEDs decreased with an increasing ALD-barrier thickness. The barrier quality
nearly saturated at low defect densities. As it is well known that mechanical robustness against cracks is
higher for thin than for thick layers, a multilayer stack of ALD- and polymer interlayers may have the
edge over a single ALD layer with respect to both WVTR and mechanical stability.
The aluminum thin film was an excellent system to investigate permeation through single defects.
It was found that permeation through the aluminum predominantly (72 % in our measurement) occurs
through large defects having radii > 0.4 µm. For defects of this size, fast and nondestructive optical
evaluation of the defect density and therefore barrier performance is possible. Due to the large defect
size, permeation is not limited by the diffusion through the defect in the aluminum layer, but by the
diffusion away from this defect underneath the closed aluminum layer. This means that the permeation
is proportional to the perimeter of the defect instead of its area. For organic devices, this observation
explains the non-linear decrease of their active area over time when they are only encapsulated by their
aluminum top electrode: The diffusion paths to the remaining active area simply become longer over
time.
Regarding the lifetime of intrinsically nearly stable devices in moist air, experiments were conducted
for one OLED-stack and for one OSC-stack. Both stacks were processed on glass; the stacks used an
ITO bottom contact as well as an aluminum top contact. The as-deposited defect density in the aluminum
was found to be comparable between the devices, namely to be 30 mm−2 in the OLEDs and 60 mm−2
in the OSCs. Furthermore for both stacks, water was the predominant cause of degradation, leading to
a reduction in active area rather than a reduction in efficiency of the active area. The amount of water
required to degrade 50 % of the initial active area of the stack (T50-water-uptake) was evaluated and
found to be (63± 28)mg(H2O) ·m−2 for the OLED- and (20± 7)mg(H2O) ·m−2 for the OSC-stack.
This T50-water-uptake is presumably dominated by the metal atoms in the device. By incorporating
additional low work function metals as getter material into the device, the T50-water-uptake could be
improved within the range of a few tens to a few hundred mg(H2O) ·m−2.
An important result shown for OSCs is that the T50-water-uptake is independent of climate condition.
Thus with regard to designing an appropriate encapsulation, the extrinsically-caused device degradation
can be predicted by making simple WVTR-measurements. If, in addition, one is able to reliably convert
WVTRs between different climate conditions by means of calculation, one will easily be able to determine
the adequacy of a permeation barrier for a given device in its predetermined operational environment.
This work increases the precision and understanding of the electrical calcium corrosion test, presents
an extensive study on permeation barriers in terms of WVTR, defect density, and encapsulation perfor-
mance on devices, and quantifies the amount of water causing device degradation. Through this work,
the material- and device-related competence present at the IAPP is extended by knowledge, scientific
contacts, and measurement capacity within the field of encapsulation technology. By utilizing the com-
petencies in both fields (devices and encapsulation), a further significant contribution towards long-living,
large-area, and flexible organic devices can be made in the future.
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9.2 Future Prospects
To improve the lifetime, one can either increase the air-stability of devices or improve the encapsulation.
However, combining both approaches may be the best solution.
To improve air-stability, the replacement of the low work function metal electrode is a promising
way. At the IAPP, both alternative electrodes and encapsulation are intensively investigated. Hence, this
institute is highly qualified to investigate the overlap of these two fields: the impact of the electrode on the
device lifetime. To characterize this electrode impact on the lifetime, devices using different electrode
configurations can be investigated with respect to their intrinsic stability and – if intrinsic stability is
given – with respect to their extrinsic stability. The stability can probably be measured best in terms
of T50-water-uptakes via the procedure presented for OLEDs and OSCs in Chapter 8. If using other
electrode materials does not lead to sufficient air-stability, the incorporation of low work function metal
atoms as getter inside the device can be helpful to increase the T50-water-uptake.
Regarding improvements in encapsulation, the strength of the IAPP is more found in barrier evalua-
tion and barrier application to devices than in barrier technologies. Throughout this work, it turned out to
be an advantageous strategy, leaving the production of high performance barriers to external experts and
focusing own work on the barrier evaluation. In line with this strategy are the following topics suggested
for the future:
1. The improvement of the calcium test layout and setup (see Section 6.4) to reach a higher sensi-
tivity level, to ensure a minimal interaction between barrier and corroding calcium, and to further
decrease the effort for WVTR measurements.
2. A continous search for new technologies providing high quality barriers.
3. A further contribution within the community towards a standard measurement protocol for barrier
evaluation.
4. Basic understanding of general permeation processes, such as the relevance of macro- and nano
defects, from reviewing a multitude of barriers.
5. Investigations on the UV-resistance and the mechanical stability of encapsulations.
6. Investigations on the temperature- and humidity dependence of the WVTR (preferably using barri-
ers exhibiting a reproducible quality).
Regarding actual barrier technologies, the further work with ALD barriers is of interest as it is a promis-
ing candidate for high quality thin film encapsulation. In addition, the barriers created by ALD for this
work seem to be extraordinary sensitive to process instabilities or handling. Hence, understanding these
barriers as a model system and finding the origin of their lack of reproducibility, e.g. via using the op-
tical calcium test, will help to generally better understand critical process or handling steps for barrier
production. In contrast, the far more reliable ZTO barriers can be used for implementing investigations
on changing external conditions like UV-exposure, mechanical deformation, and climate conditions.
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To date, organic devices place the highest demands on a permeation barrier. However, there is a good
chance that their demands will decrease due to higher air-stability and that high barrier technologies
will become available at acceptable costs and production speeds. ALD is a promising example of how
technologies can evolve towards their use in completely new applications: Recently, first ALD roll-to-roll
deposition tools have been presented. Since, in addition, there is a continous improvement in efficiency
and a large potential in price reduction due to scaling, the near-future vision remains realistic: OLED
lighting panels in normal homes and a significant energy contribution from organic solar cells. Especially
organic solar cells made impressive progress over the last years. On flexible and light-weight substrates,
the effort for transport and mounting of organic solar cells is much lower than for silicon solar cells.
These benefits can be used to support or even replace diesel generators in communities not connected to
large power grids. While humidity is still a significant problem, this problem is less pronounced in dry
cities like Boulder or – even more – Riyadh than in Dresden. Probably, these are the places where we
will see the first large-scale installation of organic solar cells.
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